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THE INFLUENCE OF CALCIC AND MAGNESIC ADDITIONS UPON 
THE OUTGO OF SULFATES FROM A LOAM SOIL AS MEAS- 
URED BY LYSIMETER LEACHNGS OVER 
AN 8-YEAR PERIOD 

W. H. MacINTIRE, W. M. SHAW and J. B. YOUNG^ 

Universiiy of Tennessee Agricultural Experiment Station 
Received for publication March 5, 1923 

INTRODUCTORY 

The subject of soluble soil sulfates is one of importance. Field lysimeters 
probably afford the best opportunity to study the occurrence of such salts, 
their availability under different conditions, and the progress of sulfofication. 
The few available lysimeter data on sulfate leachings have been compiled by 
Lyon and Bizzell (2, p. 77) and will not be cited here. Unqualified applica- 
tion of such results is hardly permissible, since only those cited from Von 
Seelhorst were secured from experimentation extending beyond periods of a 
few months, which intervals we will show constitute the period of initial 
abnormality in sulfate outgo. 

The results to be offered in this contribution constitute a study of the 
formation of sulfates and subsequent acceleration or retardation of leaching, 
as influenced by different forms and varying amounts of calcic and magnesic 
materials. The investigation also included a study of the balance between 
sulfur precipitation in rainfall and loss through leaching. The leachings 
were all from fallow soil, thus avoiding the influence of plant growth. The 
duplication of treatments in surface soil alone and in surface soil underlaid 
by subsoil afforded opportunity for determination of the function of the sub- 
soil in changing the sulfate concentration of the leachings from the surface 
soil. In this regard the investigation may be considered as distinctive. 
In so far as we are aware, it is also without parallel in scope of comparisons 
and magnitude of treatments, nine different calcic and magnesic materials 
being used, with an upper limit of 100 tons of CaO, or its equivalent, per 
acre. 

EXPERIMENTAL 

The experimental results were obtained during an 8-year study with 46 
field lysimeters each 1/20,000 acre in area. The experimental period ex- 

1 Much of the earlier analytical work in this investigation was done by Messrs. L. G. Willis, 
W. A. Holding and F. J. Gray, formerly of the Tennessee Agricultural Experiment Station. 
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tended from July 15, 1914, to July 15, 1922. The soil used is a Cumberland 
loam of the Hagerstown series and was obtained from a nearby source. It 
was so protected as to maintain a condition close to the optimum of moisture 
content throughout the processes of screening, mixing to insure uniformity 
and the working in of additions. Each tank received the equivalent of 100 
pounds of moisture-free soil. The treatments were CaO, MgO, CaCOs, 
MgCOs, 100-mesh limestone, 100-mesh dolomite and 100-mesh magnesite, 
each at the CaO equivalent rate of 8 tons, 32 tons, and 100 tons per 2,000,000 
pounds of soil. Wherever used in the text in connection with these seven 
treatments the three terms 8 -ton, 32-ton and 100-ton are intended to express 

TABLE I 


Composition of soil and materials used for treatments 


LABORA- 

TORY 

NUMBER 

MATERIAL 

SiOj 

Fe:0» 

AND 

AW., 

CaO 

MgO 

CO, 

CaCO, 

MgCO, 

SO, 



per cent 

per cent 

per cent 

percent 

per cent 

percent 

per cent 

percent 

3216 1 

CaO 

0.10 

0.53 

97. i 5§ 

0.87 

0.13 

0.30 

0.00 io.oo 

3222 

MgO 

0.27 

0.00 i 

2.58 

90.10 

1.29 

0.00 

2.47 10.25 

3220 

CaCOj 

0.18 

0.00 

54.93 

0.38 

43.09 

98.09 

' 0.80 i 

0.26 

3221 

' MgCOs* 

0.31 

0.00 

0.00 

43.38 

35,50 

0.00 

68.01 

0.15 

3217 

; Limestone 

: 2.45 

0.85 

52.83 

0.78 

42,57 

94,33 

1.49 

0,00 

3218 

Dolomite 

9.66 

1,00 

27.98 

18.70 

40.98 

49.96 

35.70^2.33 

3219 

Magnesite 

1.941 

0.28 

0.00 

47.53 

50.4511 

0.00 

96.6840.14 

3227 

Wollastonite 



45.11 

0.48 

0.69 

1.57 


3228 

Serpentine 



0.09 

37.79 

0.14 

0.00 

^ 0.27 0.28 

3343 

Soilf 



0.18 

0.30 



A lAi^A 

3224 

Subsoilf 



0.19 

0.47 



A AftAA 









1 i 



* Analysis calculates to formula, 3 ?.IgCO* • Mg(OH)2 • 3 HjO plus 3.25 per cent moisture- 
I Carbonate fusion. 
i MgSiOj, 3.24 per cent, 
il By difference. 

n Most probably some MgSiO^ present. 

§ Contained 5.84 per cent Ca(OH)s. 

equivalence of CaO. The analyses of the calcic and magnesic materials are 
given in table 1 . The primary object of the experiment was a study of alkali- 
earth absorption, hence, the range in treatments up to excessive amounts. 
The effect of treatments as low as one ton of CaO, or its equivalent, will be 
considered in another paper. All treatments were mixed throughout the 
entire amount of soil. Each treatment was made to a tank which had 8 
inches of surface soil and no subsoil and also to a tank which contained the 
same amount of surface soil and one foot of red clay subsoil. The surface 
soil tanks will also be referred to as shallow tanks; the subsoil tanks, as deep 
tanks. In addition, one of the deep tanks received 100-mesh wollastonite 
at the rate of 32 tons per 2,000,000 pounds of soil and another received 100- 
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mesh serpentine at the same rate. Fitting in the original scheme, the two 
silicate tanks were included instead of no-treatment controls. The un- 
treated controls 45 and 46 were installed after the second year. The average 
annual losses are therefore determined by division by 6 in the case of the 
controls and by 8 in the case of treatments. No addition of sulfur was made 
to any of the tanks, save as treatment impurities and that which was carried 
by the natural rainfall. The sulfate precipitations over the' same 8-year 
period have been reported (7). A preliminary contribution (8) has been 
offered, showing the divergent effects of calcium and magnesium during the 
first two years of the 8-year priod. The field lysimeter equipment has also 
been described (4, p. 6-8; 6) . The analyses for sulfate outgo were made upon 
each of the eight annual composites, and are given in tables 3, 4 and 5. The 
sulfate determinations were all made gravimetrically, in duplicate, with 
a 2 mgm. analytical limit of variation. This analytical limit of error is 
equivalent to 3.8 pounds of SO3 per acre per annum from a representative 
leaching of 125 liters per tank. 

AMOUNTS OF SULFUR CONTAINED IN SOIL, TREATMENTS, AND RAINFALL 

The amount of sulfur present in each of the several containers was not a 
constant, because of the variation in the sulfur carried by the different treat- 
ments and because of the several rates of addition. The subsoil tanks con- 
tained greater quantities of sulfur than the corresponding tanks which had 
only the surface soil. The SO3 content of surface soil was found to be 0. 1060 
per cent and that of subsoil 0.0840 per cent. The total sulfur occurrences in 
soil and subsoil were obtained by oxidation with sodium peroxide. The 
studies leading to perfection of the method and the details of manipulation 
will be given in another contribution. A 3-hour agitation of 20-gm. charges 
in 150 cc. of water gave SOa occurrences of 0.0152 per cent and 0.0185 per cent 
for soil and subsoil, respectively. The earlier contribution on rainfall sulfur 
showed the abnormal precipitation over the 8-year period of experimentation 
to be practically one-half of that contained by the soil at the beginning of the 
experiment. The total sulfur supply of each tank, as represented by the 
composition of soil, subsoil, treatment-impurities, and the atmospheric pre- 
cipitation, is given in table 2, 

THE SULFATE CONTENT OF LEACHINGS 

The sulfate losses from the additions of calcic and .magnesic materials, as 
determined by the leaching analyses, will be considered under four headings: 

(1) Comparison between treatments in each 7-unit group with reference to 
the divergent effect of calcium and magnesium in materials of varying form 
and solubility and with variation in soil depth, without regard to source of 
sulfur. 

(2) Effect of each separate material as it may vary with the magnitude of 
addition and with soil depth, without consideration of the source of sulfur. 
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(3) Comparison between treatments in each 7-unit group as showing the rela- 
tionships between (A) losses and the sulfur derived from each source and 
(B) losses and the aggregate of all sulfur supplies. 

TABLE 2 

Possihh sources of sulfates in hackings. Amounts of SOs in loam soil, subsoil, alkali-earth 
treatments and in the S-year precipitation 


SOj AVAIL ABIE PER ACRE FROM SOIL CONSTANT, 
RALNFALL CONSTANT AND TREATMENT VARIABLE 


TREATMENT 


SUL- 
FATE IN 

8 years’ 

RAIN- 

FALL 

8-ton 

treatment 

32-ton 

treatment 

lOO'ton 

treatment 

Surface 

soil 

Subsoil 

As im- 
purities 
in 

treat- 

ment 

Total 

from 

all 

sources 

As im- 
purities 
in 

treat- 

ment 

Total 

from 

all 

sources 

As im- 
purities 
in 

treat- 

ment 

Total 

from 

all 

sources 


Ihs. 

Ihi. 

Ih. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

CaO 

2120 


1029 

0 

3149 

0 

3149 

0 

3149 

CaO 

2120 

2772 

1029 

0 

5921 

0 

5921 

0 

5921 

MgO 

2120 


1029 

30 

3179 

120 

3269 

375 

3524 



2120 

2772 

1029 

30 

5951 

120 

6041 

375 

6296 

CaCOt 

2120 


1029 

72 ! 

3221 

288 

3437 ! 

900 

4049 

CaCOj 

2120 

2772 

1029 

72 

5993 

288 

6209 

900 

6821 

MgCO, 

2120 


1029 ; 

37 

3186 

148 i 

3297 

463 

3612 

MgCO, 

2120 

2772 

1029 

37 

5958 

148 ' 

6069 

463 

6384 

Limestone 

2120 


1029 

0 

i 

3149 

0 

3149 

0 1 

3149 

Limestone 

2120 

2772 

1029 

0 

5921 

0 

5921 

0 

5921 

Dolomite 

2120 


1029 

701 

3850 

2804 

5953 

8763 

i 

11912 

Dolomite 

2120 

2772 

1029 

701 

6622 

2804 

8725 

8763 

14684 

Magnesite 

2120 


1029 

33 

3182 

132 

3281 

413 

3562 

Magnesite 

2120 

2772 

1029 

33 

5954 

132 

6053 

413 

6334 

Wollastonite 

2120 

2772 

1029 



40 

5961 1 



Serpentine 

t 

2120 

2772 

1029 



180 

6101t 



+ 

None 

2120 


772* 







None(| ... 

2120 

2772 

772* 








* Six years. 

t Actual rate of 32 tons of material. 
I Total, 2892 pounds, 
jj Total, 5664 pounds. 


(4) EJ^ect of such separate material as showing the influence of rate of treat- 
merit and relation of sulfate outgo to each partial source and the total of all 
sulfur present. 
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EIGHT-TON TREATMENT 
Surface-soil tanks 

Increased outgo of sulfates from the surface soil was induced by all of the 
calcic and magnesic additions at the 8-ton rate during the initial year, as will 
be seen by reference in table 3. The outgo from each treatment was in 
excess of the water soluble sulfate content of the dry reserve sample. It is 
most probable that this increase was due chiefly to acceleration in bacterial 
activities, although it might be contended that the added materials served 
to reduce the soil's physical ability to retain sulfates. The minimum amount 



Fig. 1. Pounds of SO3 per 2,000,000 Pounds of Soil in Leachings from Controls and 
Silicate Tanks 

Tank 43 — 32 tons wollastonite, soil-subsoil 

41 32 tons sepentine, soil-subsoil 

45 — control, soil-subsoil 

46 — control, surface soil only 

of 341 pounds of SO3 resulted from the burnt lime treatment and the maximum 
of 540 pounds, from the limestone addition. This maximum for the initial 
year was more than equivalent to the total outgo from the shallow-tank con- 
trol for the 6-year period. The initial annual sulfate loss from both magne- 
sium carbonate and magnesite was practically equivalent to the 6-year aggre- 
gate outgo from the control tank. Magnesium oxide proved more active 
than calcium oxide in accelerating the leaching of sulfates. The precipitated 
carbonate of magnesium was also more active than the corresponding form 
of calcium. As compared with the first year’s results, there was a decided 









TABLE 3 


6 


W. H. MACINTIRE, W. M. SHAW AND J. B. YOUNG 



Inches of rainfall | 47 . 7g| 56 . 54| 63 .32| 47 . 79| 

*Six years. 
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decrease in sulfates leached from all treatments during the second year and 
further progressive decreases during the third and fourth years. The initial 
4-year totals show a minimum of 787 pounds for the CaO treatment and a 
maximum of 941 pounds for the limestone addition. The totals and average 
annual losses for the five carbonate treatments are grouped rather closely 
and are considerably greater than the corresponding results from the two 
oxide additions. As compared with the fourth year’s results, leached sul- 
fates increased somewhat during the fifth and sixth years. The losses for 
those two years are almost duplicated for each respective treatment, though 
the rainfall of the sixth year was considerably greater than that of the fifth. 
Again, during the seventh and eighth annual periods, there was a consistent 
decrease. This very definite tendency toward eventual decreases in sulfate 
outgo would naturally be expected to follow the depletion of the soil’s native 
store of sulfur materials. The 8-year totals are in harmony with those of the 
first 4-year period in showing the two oxide tanks as trailing the remaining 
five carbonate treatments. The totals from the limestone and dolomite treat- 
ments are very close, that from the dolomite being the maximum outgo for 
the full 8-year period. The two precipitated carbonates come next in order, 
with rather close grouping. 

Surjace-soil and subsoil tanks 

In contrast with the surface-soil tanks, those of the subsoil series yielded 
the smallest amount of sulfates during the initial year. During the second 
and third years a material increase is noted, especially in the case of the mag- 
nesium oxide and carbonate treatments, which induced a fourfold increase 
in outgo during the second year. The maximum annual loss of the first 
4-year period was obtained from all seven treatments during the third year 
which was one of abnormal rainfall. Following the uniform drop of the fourth 
annual period every treatment gave an increase in the fifth year, followed 
by a still further increase the sixth year. After the large losses of the sixth 
year, consistent decreases in outgo were observed for all treatment during 
the seventh year, and a still further decrease during the eighth and final year. 

It will be noted that each addition has very materially increased the outgo 
of sulfates over the several meager annual losses — a maximum of 9 pounds 
from the no-treatment deep tank. Each treatment has been responsible, 
therefore, for either an enhanced movement of sulfates from the soil and 
through the subsoil, or a change in the retentive properties of the subsoil, 
unless it be that calcic and magnesic salts have caused an increased 
formation of sulfates within the subsoil — a less probable alternative for these 
particular conditions. It may be assumed with reason that the processes 
of sulfofication were essentially the same in the treated surface soil, whether 
underlaid by a sand filter bed or by subsoil. If this be true, it is apparent 
that even though permitting the passage of part of the sulfates which came 
from the surface soil, the subsoil depth of one foot has arrested an average 
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of 445.4 pounds of SO 3 during the initial year. This tendency to stop the 
downward movement of sulfates diminished in time in the case of additions 
but not in the control. The more soluble additions were responsible for 
larger amounts of the alkali-earth bases passing down to the subsoil and, 
coincident with this greater downward movement of bases, there occurred 



Fig. 2. Pounds of SO3 per 2,000,000 Pounds of Soil in Leachings from Tanks Treated 
WITH CaO AS Follows: 

^ i Tank 1— 8 tons ( Tank 22— 8 tons 

Surface soU^ 8 — 32 tons Surface and subsoil] 29 — 32 tons 

i 15—100 tons [ 36—100 tons 

a diminished tendency toward sulfate retention. Parallel determinations 
of occurrences of sulfate sulfur, calcium, and magnesium in the leachings 
demonstrated that the sulfate absorption is a molecular one, for no marked 
increase of sulfates occurred in the leachings until increases of calcium and 
magnesium were also found. The consistent gain in the sulfate yields from 
subsoil tanks which contained the four oxide and precipitated carbonate 
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treatments brought the 8-year average proportion for the calcium additions 
up to more than 91 per cent of the surface soil outgo and that of the mag- 
nesium additions to 99.5 per cent. In the case of the three less soluble natural 
carbonates, however, the lag in the total sulfate outgo from the deep tanks was 
still very marked, though the amounts leached through the subsoil tanks 
during the last four years were greater than those from the corresponding 
surface soil tanks in every instance save one. Hence, after 8 years of leach- 
ing, only about 68 per cent of the surface-soil sulfate yield had been found in 
the subsoil tank leachings, as the average from the limestone, dolomite, and 
magnesite treatments. 

It is therefore established that all of the seven calcic and magnesic materials 
were responsible for a very extensive acceleration in movements of sulfates 
from the surface soil. It is also apparent that marked variations in the solu- 
bilities of the several materials and sulfate end-products were responsible for 
wide differences in the amounts of leached sulfates, where the absorptive 
properties of the subsoil were brought into play. On the other hand, it will 
be noted that during six years a total difference of over 500 pounds of sulfate 
outgo obtains between the leaching of 534 pounds from the surface soil and 
that of 24 pounds from the soil-subsoil. It is evident, therefore, that a marked 
retentive property is inherent in the subsoil, which has not been subjected 
to the ameliorating influence of additions of either of the alkali-earth ele- 
ments. Though the amounts of sulfates leached from the surface soil control 
and that from the subsoil control are decidedly less than the amounts obtained 
from any one of the corresponding treated tanks, it is most probably true that 
the outgo from each control is abnormal because of enhanced sulfofication 
as a result of the thorough aeration incident to digging, screening, and mixing 
of the moist soil at the beginning of the experiment. Were such extensive 
sulfate generations and leachings to occur, with no replacements through 
additions and atmospheric precipitations, the loss of the native stores of sulfur 
in the surface soil would soon become a fertility factor. 

Comparison with Cornell experiments. The results from the 8-ton series 
especially may be considered in connection with the results obtained from 
3000 pounds of CaO by Lyon and Bizzell (2, p. 73). From leachings during 
a 5-year period from a 4-foot depth of Dunkirk soil, rather high in its CaO 
content, particularly in the lower zones, these investigators found evidence 
that lime caused enhancement in sulfofication. It is difficult, however, to 
determine from which zone or zones the sulfates were derived in the experi- 
ments of Lyon and Bizzell, where only the 4-foot depth was used. The sul- 
fate totals and disparity between control and treatment were but fractions 
of those found by us in our lightest treatment. In a later report (3, p. 73) 
parallel data are given for a Volusia soil of decidedly less CaO content in each 
of four 1-foot zones. In this case no evidence was given to show increase 
of sulfate formation from the addition of lime although increased nitrate 
outgo was shown. They concluded: “Liming the Dunkirk soil did not re- 
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suit in an increased formation of nitrates, but apparently favored sulfofication. 
Application of lime to the Volusia soil was accompanied by increased nitri- 
fication, but had no effect upon the production of sulfates. This would indi- 


1759 



Fig. 3, Pouicns of SOj per 2,000,000 Pounds of Soil in Leachings from Tanks Treated 
^ viTH MgO Equivalent to CaO as Follows: 

I Tank 2— 8 tons f Tank 23 — 8 tons 

Surface soilj 9 — 32 tons Surface and subsoils 30 — 32 tons 

[ 16 — 100 tons [ 37 — 100 tons 

cate that the conditions favorable to one of these fermentations are not 
always favorable to the other.” 

Every oxide and carbonate treatment, other than CaO, has largely aug- 
mented the 8-year losses of both sulfates and nitrates from the Cumberland 
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loam used by us. However, every addition of burnt lime ultimately gave 
large increase in leached nitrates although the heavier additions were initially 
inhibitory to both nitrification and sulfofication. Sulfofication was particu- 
larly inhibited in the subsoil with the 32-ton treatment and in the surface 
soil with the 100-ton treatment. The clay subsoil under the Cumberland 
loam was able to retain large quantities of sulfates regardless of variation in, 
or absence of treatment. With 8-ton treatments, this tendency was still 
marked after the first four years, and even after eight years it was evidenced 
for all treatments except MgO, being particularly noticeable in the case of 
the three native carbonates. Heavier additions of the more soluble forms, 
other than CaO, caused augmented occurrences of the alkali-earth elements 
and sulfates in the subsoil leachings, even before the end of the first four 
years. However, disparity between shallow- and deep- tank sulfate losses 
was still maintained by the heavier additions of the natural carbonates after 
eight years. The subsoil of the control, when unaltered by influx of added 
alkali-earth bases continued to manifest a decided ability to restrict the 
occurrence of sulfates in the leachings. This is amply demonstrated by the 
fact that the shallow control lost 534 pounds of SO3 against only 24 pounds 
from the deep control over a six-year period. These losses represent 69 per 
cent of the rainfall sulfates in the former case and only 3.1 per cent in the 
latter. From similar unpublished findings upon a soil treated with soluble 
sulfate we have found that the leachability of added sulfate and engendered 
nitrates may be affected differently by treatment. Since this one-foot depth 
of clay, both subject to and devoid of influx of ameliorating bases added to 
the overlying soil, has continued to function as a barrier to the passage of 
sulfates over 8-year and 6-year periods, respectively, the effect and duration 
of such effect in the 3-foot depth of subsoil of the 5-year Cornell experiments 
appears problematical. Since our results show that the presence of calcium 
salts in the subsoil, as a result of leachings from the surface, exerts a marked 
effect upon the sulfate-retaining properties of the subsoil, it would appear 
that paucity or abundance of native calcium compounds would influence 
the action of the lower depths in changing the concentration of sulfates in 
the surface soil’s leachings. Such changes in concentration of leachings 
have been exerted by the subsoil under the Cumberland loam in both 
directions, as determined by the treatment applied to the surface soil. 
Since the Dunkirk and Volusia subsoils vary decidedly in their calcium and 
carbonate content, it would seem plausible to assume that they would be 
at variance in their tendencies to alter the sulfate concentrations of the 
leachings from the surface soil. The points brought out serve to emphasize 
the value of parallel experimentation with shallow and deep tanks. 
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THIRTY-TWO-TON TREATMENT 

Surface-soil tanks 

With the exception of CaO, all of the 32- ton additions caused very decided 
increases in the leaching of sulfates during the initial year. Calcium oxide 
depressed the outgo very much below that of the control. The magnesium 
oxide and carbonate were responsible for the largest losses of sulfates. Next 



Fig. 4. Pounds of SO3 per 2,000,000 Pounds of Soil in Leachings from Tanks Treated 
WITH CaCOs Equivalent to CaO as Follows: 

I Tank 3 8 Ions f Tank 24— 8 tons 

Surface soilj 10 — 32 tons Surface and subsoil! 31 — 32 tons 

I 17—100 tons ( 38—100 tons 

in order came the precipitated calcium carbonate while the three native 
carbonates were rather closely grouped in their influence. 

During the second year the three native carbonates still exerted an activa- 
ting induence approaching that of the other forms, exclusive of the burnt 





TABLE 4 

Sulfate content of teachings from loam soil with treatments equivalent to 32 tons CaO 
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1 SO| LEACHZD PER 2,000,000 POUJTDS OF SOIL 

Whole 8-year 
period 

Total 

lbs, 

778 
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1205 

1310 

1203 

770 
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1100 

851 

1428 

1182 

1171 

1216 

781 

185 


Annual 
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lbs. 

97 

37 
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150 

96 

154 

200 

138 

106 

179 

148 

146 

152 

98 

23 
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period 

Total 

lbs. 
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230 
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383 

341 
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743 
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103 
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7 th 
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lbs. 

S3 

94 

62 

83 

76 
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44 

73 

73 
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125 

188 

111 

150 

169 

33 

50.37 

6th 

year 

lbs. 

141 

75 

116 

152 

111 

240 

103 

164 

112 

261 

153 
278 

107 

300 

235 

38 

54.21 
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12 

81 

78 

113 

128 

119 

117 

114 
142 

158 

178 

116 

227 

115 

6 

51.41 

First 4-year 
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Total 

lbs. 
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63 
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863 

133 

934 

1217 

759 
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440 

802 

473 
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82 
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lbs. 
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16 
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33 
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49 
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no 
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43 

21 
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o* 
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3rd 
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4 

89 
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24 
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74 

197 
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64 

7 

2d 

year 

lbs. 

116 
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30 
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28 
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26 

19 

»o 

'O 

lO 
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lime. During the third and fourth years, the yields were progressively and 
consistently decreasing. However, a reversion toward increase of sulfate 
outgo followed during the fifth and sixth years, after which came progressive 
depressions in the seventh and eighth years. In every case, both total and 
average annual results in the first half were larger than the corresponding 
amounts for the second half of the 8-year period. The totals for the 8 years 
were very nearly equivalent for the MgO, CaCOj, MgCOa, and magnesite, 
the limestone results coming next in order. The smallest outgo of sulfates 
for the full period came from the burnt lime, while the greatest came from 
the dolomite. 

SoiUsuhsoil tanks 


The amount of sulfates which passed from every treatment and through 
the subsoil was relatively meager during the first year and but a fraction of 
the amount which passed from the surface soil of corresponding treatment. 
Each treatment, however, caused a loss in excess of that from the deep control. 
It will be noted that there were no consistent increases during the second 
year from the treatments of CaCOs, limestone, dolomite, and magnesite. 
However, a very striking increase was obtained from both MgO and MgCOj. 
The limestone and CaCOa were still rather inactive during the third year, 
but both dolomite and magnesite had effected a material increase in the 
passage of sulfates. With the exception of precipitated CaCOs, which still 
had failed to show any progressive increase in sulfate outgo, all treatments 
showed a smaller sulfate yield for the fourth year than for the third year. 
There was a general tendency toward progressive increases in outgo during 
the fifth and sixth years, followed by a progressive decrease through the 
seventh and eighth years. The average annual and the total losses from the 
deep tanks for the first 4-year period were greater than the corresponding 
figures from the shallow tanks in the case of the MgO and MgCOs treatments, 
while the reverse was true in the case of precipitated CaCO^, limestone, dolo- 
mite and magnesite. 


The results from tank 29, CaO treatment, are in decided contrast to those 
from the other tanks. The average annual outgo from this oxide was only 
16 pounds for the first 4-year period, while that for the full 8-year period was 
only 37 pounds. The sulfate leachings from the corresponding surface-soil 
tank, No. 8, were also decidedly lower than those from the other treatments 
for both 4-year periods. The persistence of calcium hydrate in the soil of 
those tanks was established by a study of the speed of the reversion of the 
CaO to CaCOa which has been reported (6). The occurrence of Ca(OH )2 in 
each leaching has been determined. The average hydroxide concentration 
for the several annual leachings are given in table 6. Those of the surface 
Mil Jeachmgs were appreciable during the first three years, especially for the 
initial year. Though a decided drop occurred during the fourth year, the 
ydroxide persisted m the leachings through the fifth year. The persistence 
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of the calcium hydrate has been responsible for a marked depression in sulfate 
outgo for all years as compared with every other oxide or carbonate treatment 
and for the first year more especially in a comparison against the shallow con- 
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Fig. 5. Poi'nds of SOs per 2,000,000 Pounds of Soil in Le.\chixcs from Tanks Treated 
WITH MgCOs Equivalent to CaO as Follows: 

f Tank 4 — 8 tons i Tank 25— 8 tons 

Surface soil] II — 32 tons Surface and subsoil] 32 — 32 tons 

[ 18—100 tons [ 39 — 100 tons 

trol. Though not ail-conclusive, this indicated depressed generation of 
sulfates in the surface soil. But, in spite of the ready solubility of Ca(OH)2; 
the subsoil stopped its downward movement, and also that of the sulfates, 
which surface soil leachings indicated had passed into the subsoil. 
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Both wollastonite and serpentine increased the outgo of sulfates. However, 
after the initial year, a consistently larger yield came from the calcium silicate. 
The total of 171 pounds from this material during the first 4-year period was 
twice as large as the amount which passed from the serpentine tank. The 
disparities during each of the last four years were still more marked . so that 
after eight years a total of 781 pounds of SO 3 had passed from the wollastonite 
treatment, as against only 185 pounds from the serpentine addition. As 
previously pointed out by the senior author (5, p. 19), the wollastonite used 
was very much more readily hydrolyzed than was the serpentine. Conse- 
quently the wollastonite addition has resulted in a continuous treatment of 
calcium bicarbonate, which has been more efficacious than have the meager 
amounts of magnesium bicarbonate derived from the very insoluble silicate 
of magnesium in forcing the downward movement of sulfates. 

ONE-HUNDRED-TON TREATMENT 
Surface-soil tanks 

The 100-ton CaO treatments have shown the same depressing influence 
as the 32-ton additions. 

All other treatments show the greatest quantities of sulfates passing out 
during the initial year, with successive decreases through the second, third 
and fourth years. An upward trend is exhibited by all treatments, save CaO, 
for the fifth and sixth years, followed by successive decreases during the 
seventh and eighth years. The average annual and the total outgo of sul- 
fates during the first 4-year period were both greater than the analogous 
amounts for the second 4-year period for all treatments, except CaO. In 
this series the sulfates leached from the dolomite during the 8 -year period 
amounted to more than the outgo from the magnesium carbonate. This 
fact will be considered in dealing with the origin of the sulfur lost from the 
soil through leaching. As will be seen, however, by reference to table 1, 
the dolomite treatment carries an appreciable amount of SO3 in the form of 
sphalerite (zinc sulfide) and the heavy addition means that large quantities 
and extensive surfaces of the sulfide are subjected to chemical and bacterial 
oxidative reactions. 


Subsoil tanks 

In the CaO tank of this series the average annual outgo of 16 pounds for 
the first 4-year period increased to an annual average of 127 pounds for the 
last four years. But the corresponding annual averages for the surface soil 
alone were only 22 pounds and 42 pounds. The 8 -year total exceeded that 
of the shallow tank by 317 pounds. It may be that the leached lime either 
directly caused an increased formation of sulfates in the subsoil or a release 
by the subsoil of such sulfates as it may have held prior to the influx of calcium 
hydroxide and other calcium combinations. The MgO and MgCO, treat- 
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merits both increased the sulfate outgo during the second year with still 
further increases during the third year after which there was a drop. For 
the first 4-year period almost as much sulfate was lost through the subsoil 
as from the surface soil, while for the MgCOs additions the outgo was actually 
greater. The precipitated CaCOs and natural carbonates, however, caused a 
decidedly smaller loss of total sulfates from soil plus subsoil than from the 
surface soil alone. The amount of SO3 lost from every subsoil tank during 
the second 4-year period was decidedly larger than that of the corresponding 
shallow tank. The fifth and sixth years' losses from the MgO and MgCOs 
tanks were greater than those of the fourth year. This increase was followed 
by a progressive decrease during the seventh and eighth years. The 8-year 
losses from those two materials were also greater when the teachings passed 
through the subsoil. The excess losses of 380 and 231 pounds of SO3 from 
subsoil tanks treated with MgO and MgCOs demonstrate that the leached 
sulfates were derived in part from the subsoil. This does not obtain, however, 
in the case of the three natural carbonates and in the case of precipitated 
CaCOs. 

EFEECT OE EORM AND RATE OF TREATMENT ON LOSS OF SULFATES 

The effect of rate of treatment is shown in the graphs, figures 1 to 8. 

Burnt lime 

Previously reported (6) residual carbonate analyses showed that the 
hydrate of the 8-ton CaO application had practically all passed from that 
form after a few weeks. But the direct CaO absorption and carbonation 
reactions continued for a much longer period where the hydrate persisted 
from the two excessive rates of 32 and 100 tons. This difference in the per- 
sistence of calcium hydrate is reflected in the larger sulfate outgo of the 8-ton 
treatment and the smaller loss from each of two heavier treatments, especially 
in the case of the surface soil for the first three years. The lesser handicap 
imposed upon the soil treated at the 8-ton rate during the period required 
for reversion of Ca(OH )2 to CaCOa was, however, apparently overcome and 
followed by accelerated sulfofication. As a result totals for both the initial 
4-year period and the full 8-year period approached the corresponding totals 
from calcium carbonate for both depths. Yet, the persistence of the Ca(OH )2 
in the two heavier treatments continued to depress the outgo so that the 
total for the 8-year period in the 32-ton treatment amounted to only 778 
pounds, or an annual average of 97 pounds, while a still smaller total of 256 
pounds, or an annual average of 32 pounds, came from the 100-ton treatment. 
If decreased outgo and depressed sulfate generation be identical, it would 
appear that the excessive amounts of lime partially inhibited sulfofication. 
As an alternative, however, it might be assumed that the burnt lime had not 
depressed sulfofication and that such had continued normally, or even with 
acceleration, m the more open and better aerated soils containing the heavier 
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treatments in particular. It would follow, then, that such engendered sul- 
fates were less soluble in the Ca(OH) 2 “impregnated water, and hence were 
not washed out in the leachings. This alternative finds support from two 
angles. First, the rainfall which passed through heavy CaO additions often 
contained less sulfates as leachings than it did as rain water. Secondly, the 
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Fig. 6. Pounds of SO3 per 2,000,000 Pounds of Soil in Leachings from Tanks Treated 
WITH Limestone Equivalent to CaO as Follows; 

f 'lank .S — tS tons f Tank 26 — 8 tons 

Surface soil'l 12 — 32 tons Surface and subsoils 33 — 32 tons 

[ 19 — too tons [ 40 — 100 tons 

initial inhibition of the parallel biochemical process of nitrification was followed 
by intensive acceleration after the first annual period. 

Solnhiiiiy of calcium sulfate in lime water 

In searching for data upon the solubility of CaS 04 in solutions of Ca(OH) 2 , 
we have found only the data of Cameron and Bell (1), given also by Seidell 









Average normalUy of Ca(pll)^ in each annual leaching from tanks treated iviih CaO at the rale of S, 32 and 100 tons as determined from the analysis of each 
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(10). These investigators subjected aqueous and lime water suspensions of 
gypsum to constant agitation at 25°C. for two weeks and determined the 
concentration of CaSOi. They used eleven aqueous solutions of Ca(OH)2 
containing 0.062-1.166 gm. CaO per liter. With increase in concentration 
of Ca(OH)2 there occurred a decrease in amount of CaS04 in solution. 
However, the minimum concentration of CaS04 given by Cameron and 
Bell was much greater than that of the maximum concentration found 
in the tank leachings. Calculating SO3 losses to equivalence of CaS04 
the maximum concentration possible in our leachings was 0.1884 gm. per 
liter. But this concentration is the CaSO^ equivalent of the 0.3231-gm. 
BaS04 determination upon the composite which gave the maximum annual 
loss of 742 pounds of SO* from the 100-ton MgCOs treatment. Further- 
more, the cited data were obtained from gypsum, rather than from freshly 
precipitated CaS04'2H20, such as would be found in the soil. We have, 
therefore, sought additional data, particularly with reference to the freshly 
precipitated hydrated material. 

Before considering such data, however, it would be well to consider the 
concentrations of Ca(OH)2 in the drainage waters of the six tanks which 
received applications of CaO. These concentrations for each annual period 
were derived by averaging the hydroxide titration values of the several peri- 
odic leachings and are given in table 6. No Ca(OH)2 passed from the 8-ton 
additions made to either shallow or deep tanks. The presence of hydroxide 
was established for each of the first five years in the case of the surface soil 
leachings from the 32-ton additions, the maximum occurring during the first 
annual period, with a decided drop for the second and third years and with 
still further decreases, progressively for the fourth and fifth years. No 
Ca(OH)2 ever appeared in the leachings which passed through the subsoil 
in the tank receiving CaO at this rate. The initial concentration and that 
maintained through the first three years were very much higher for the sur- 
face-soil leachings from the 100-ton additions than for the 32-ton treatment. 
Some Ca(OH)2, derived in the main from the 100-ton treatment residues in 
the lower zones of surface soil, has persisted intermittently throughout the 
8-year period. Again, however, as in the 32-ton additions, no calcium hy- 
droxide has passed through the 1-foot zone of clay subsoil. 

With these figures before us, we may better consider the solubility of 
CaS04‘2H20 as given in table 7 and apply such data as explanatory of the 
sulfate losses induced by CaO additions as given in tables 3, 4 and 5. Anal- 
ysis A reported in table 7 was made in 1920 upon an aged concentrate stand- 
ing over a large quantity of solid-phase Ca(OH)2. Analysis B was made in 
1923 upon the same solution again brought to saturation after the addition 
of water. The normality values found in both analyses for saturation at 
25°C. were higher than those given by Seidell (10). The initial and final 
titration values of the Ca(OH)2 solutions, varying only within analytical 
error, show that no Ca(OH)2 was changed from the solution phase to the solid 
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phase by contact with the excess of solid-phase calcium sulfate. The table 
shows that the highest Ca(OH )2 concentrations in the 100- ton- treatment 
teachings, 0.02113 normal, somewhat less than one-half saturation, could 
carry at least 1.75 gm. of calcium sulfate per liter. This amount is more 
than 9 times that of the heaviest CaS 04 content found in the annual teachings. 
Contact of engendered sulfates and soil water impregnated with Ca(OH )2 
could hardly be such as to insure saturation of the solid in the solvent. The 
ratio of more than 9 to 1 would serve, however, as an offset to the lesser 
opportunity of the soil water to effect concentration of sulfates, were such 
widely diffused throughout the soil. We have other unpublished data rela- 
tive to the influence of lime upon the outgo of applied sulfates from another 
soil. These data establish the tendency of the lime-treated soil to retard 


TABLE 7 

The solubility of anhydrous and freshly precipitated calcium sulfate in solutions of calcium 
hydroxide at 25^C. 


ANALYSIS A, 1920— 
AGITATION intermit- 
tently FOR 3 HOURS AND 
16 HOURS CONTACT — 

5.0 Gil. CH.ARGES 

PER 500 CC. OF WATER 

ANALYSIS B, 1923—72 HOURS CONTACt WITH FREQUFNT AGITATIO^ 
20 GM. CHARGES PER 500 CC. OF WATER 


Anhydrous calcium sulfate* 

Freshly precipitated CaS 04 - 2 H 20 

Anhydrous 
calcium sulfate* 

Normality of Ca(OH )2 

CaSO* 
dis.'Olvcd ; 
per liter of 
Ca^OHlz 

Normality of Ca(OH )2 

CaSOi 
dissolved 
per liter of 
CatOIIji 

Normality 

of 

Ca(OH)j 

CaSOi 
dissolved 
per liter of 
Ca(Oir )2 

Before con- 
tact with 
CaSOf2HjO 

After contact 
with 

CaS0-2H20 

Before con- 
tact with 
CaSO, 2 H 2 O 

After contact 
with 

CiS0i2H2O 


gm. 



gm. 



gm. 

0 

1 .9160 

0 

0 

2 . 1695 

0 1 

0 

2.0464 

0.0047 

1.8600 

0.00440 

0,00430 

1.8633 

i 0.00448 

0.00440 

1.9630 

0.0119 

1.7740 

0,01120 

0.0109U 

1.9240 

0.01121 

0.01101 

1.8996 

0.0238 

1.6560 

0.02240 

0.02190 

1.7980 

0.02240 

0 02201 ! 

1 1.7694 

0.0475 

1.5620 

0.04480 

0.04480 

1.7303 

0.04480 

0,04480 

i 

1.7607 


* From J. W. Owen & Co., Philadelphia. 


the outgo of added sulfates during the persistence of Ca(OH) 2 . If sulfates 
had accumulated in excessive amounts during the persistence of Ca(OH )2 
in the the Cumberland loam, it would be expected that the rapid removal of 
sulfates would follow the disappearance of the hydroxide. But instead of 
such a marked transition in rate of sulfate outgo, there has occurred a gradual 
increase in sulfate emissions, as though the soil flora were slowly regaining 
their vigor and ability to manufacture sulfates, after the continued excessive 
causticity and during the maintenance of a materially lessened, though still 
positive, alkalinity. 

These data, as a whole, do not prove that the relative decrease in sulfate 
outgo caused by the heavier treatments was due entirely to initial biological 
inhibition, nor do they establish the fact that the heavy treatments main- 
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taiaed such an inhibition. But they do establish the fact that there was in 
the early stages an inhibitory influence of some kind. The initial inhibition 
disappeared in time as a result of the carbonation of the excess of Ca(OH) 2 . 
This chemical transition was the dominant causative factor controlling initial 
inhibition and later acceleration, whether the effect be considered the result 
of biochemical, physical or chemical changes in the soil, or a combination 
of the three. 


Magnesium oxide 

The effect of MgO, however, was different from that of CaO. As indicated 
by the composition of the leachings, the quantity of MgCOa formed from the 
oxide of magnesium was such as to constitute a treatment of MgCOs. This 
carbonate, both applied and oxide-derived, was more rapidly and intensively 
fixed by the soil and at the same time the unabsorbed excess was more quickly 
and intensively leached. Furthermore, any hydrated MgO derived from 
the MgO additions was very much less soluble than the hydrate of calcium. 
Consequently, there was no problem as to repressed solubility of soil-engen- 
dered magnesium sulfate. The heavy sulfate leachings from the MgO addi- 
tions indicated that the low concentration of Mg(OH )2 in the soil water did 
not inhibit nor depress sulfofication. It will be noted that the sulfate losses 
of the initial year, those of the first 4-year period, and those of the full 8-year 
period increased in the order of increasing rates of treatment. Thus, the 
surface soil tanks treated at the rates of 8, 32 and 100 tons lost 1118, 1205, 
and 1297 pounds, respectively. 

In the case of the subsoil tanks the peak of the sulfate outgo came during 
the third year for both 8-ton and 100-ton MgO additions. But in the case 
of the 32-ton treatment the greatest losses occurred during the second year. 
This finding evidently involves some system balance, for the presence of 
magnesium bicarbonate in the leachings was observed to have occurred in 
the same manner. Furthermore, the MgCO^ additions behaved in the same 
way, with reference both to sulfates and bicarbonate of magnesium. That 
is, the subsoil drainages from the magnesium oxide and carbonate tanks 
were for a time low in both their sulfate and magnesium bicarbonate contents, 
and then with the advent of increased concentration of one substance there 
occurred a parallel increase in that of the other. 

Calcium carbonate 

During the third year which was one of abnormal rainfall the 8-ton deep 
tank lost three times the amount lost during the first two years. A drop dur- 
ing the fourth year was followed by increases during the fifth and sixth years^ 
after which occurred progressive decreases during the seventh and eighth 
years. But in the case of the 32-ton addition in the deep tank, the small 
amounts of the first four years were succeeded by increased losses during 
the fifth, sixth, and seventh years, with a decrease in the eighth year. Where 
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the CaCOs additions to the deep tank were at the 100-ton rate, the small 
losses of the first three years were followed by maintained increases during 
the fourth, and more particularly the fifth, sixth and seventh years, after 
which occurred a decided drop. Accordingly, the 8 -year total SO 3 losses 
from the 32-ton treatment amounted to but 770 pounds, as contrasted with 
corresponding totals of 1133 pounds and 1150 pounds for the 8 -ton and 100- 
ton treatments, respectively. Likewise, the first 4-year period total from 
the 32-ton addition was less than that of either the 8 - or 100-ton addition. 
It would seem that the 32-ton treatment would be sufficiently extensive to 
give a thoroughly disseminated treatment throughout the mass of soil, so that 
the soil-water would become saturated with calcium bicarbonate. Both 
32- and 100-ton additions should afford directly dissolved calcium in amounts 
greater than the amount dissolved from the 8 -ton treatment. Thus, if cal- 
cium carbonate, or bicarbonate were to be considered as depressive, both 32- 
and 100 -ton treatments would be expected to yield smaller quantities of sul- 
fates than those coining from the 8 -ton treatment. But during each 4-year 
period the suKate outgo from the 32-ton treatment lagged behind the losses 
from both the 8 - and 100 -ton additions. As the converse of the magnesium 
additions, where both magnesium bicarbonates and sulfates appeared first and 
for a time most extensively in the leachings from the 32-ton addition of mag- 
nesium oxide and carbonate, unpublished data from these tanks show that 
the 8 - and 100-ton CaC 03 treatments both yielded more CaCOa than did the 
32-ton treatment during the first and second 4-year periods, and of course, 
greater also for the full 8 -year period. As in the case of the MgCOa converse, 
at the same equivalent rate, a system balance would also seem to be of effect 
in the 32-ton CaCOa treatment. 


M agne Hum carbonate 

The total amount of sulfates from the magnesium carbonate additions 
have increased slightly with each increase of treatment. The 8 -, 32- and 100- 
ton treatments have caused leaching totals of 1189, 1234, and 1482 pounds, 
respectively, from the surface soil. In each case, the maximum outgo has 
occurred during the initial year, with the next largest outgo during the second 
year and the third largest during the third year. After the third year the 
amounts passing from the residual sulfur reserves are comparatively small. 
In this connection it should be pointed out that a number of the annual 
sulfate leachings from this treatment are actually less than the amounts 
found to have been brought down by rain water. This observation is com- 
mon to a number of the other treatments. It is rather interesting to note 
that, particularly in the case of the subsoil tanks, a treatment may so retard 
the passage of sulfates as to cause the sulfate concentratmn of the leachings 
to be lower than that of rainfall, before the treatment begins to push itself 
and the sulfate of its basic ion through the subsoil, and that the same partial 
accumulation of the rainfall sulfates may be evidenced after the maxima sul- 
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Limestone-dolomite-ma^nesite 

The three native carbonates acted in a similar manner at each rate, by 
inducing the largest losses of sulfates from the surface soil during the initial 
year with consistent, progressive decreases during the following three years. 
Each of the three natural products also caused an upward trend in the outgo 
curve, with practically identical amounts during the fifth and sixth years, 
followed by a downward trend during the seventh and eighth years. The 
first 4-year-period yield and the total outgo from the limestone, dolomite, 
and magnesite were rather close for the 8-ton additions. The sulfate outgo, 
however, from the 32- and 100-ton additions drew away from the losses 
shown by the 8-ton treatment during the first 4 years with a still further 
disparity during the second half of the 8-year period. It would appear 
that the sulfide impurity of the dolomite had served as a source for increased 
sulfate generation particularly after the fourth year. 

Where the three natural materials were applied to the deep tanks at the 
8-ton rate, the totals for the first 4-year period were less in each case than 
the respective initial year losses from the surface soil alone. The largest 
subsoil outgo of the first 4-year period came during the third year in each 
case. During the fifth year there was a marked increase in the sulfate outgo 
from each material, the largest outgo for the second period coming, however, 
in the sixth year, after which there was a progressive downward tendency 
for the last two years. 

In the case of the 32-ton applications, the largest annual loss of the first 
4-year period also occurred in the third year. During the fifth, sixth and 
seventh years, all three materials gave decided increases over corresponding 
losses of the fourth year, followed by a very decided decrease for each addi- 
tion during the eighth annual period. 

There were no greatly accelerated movements of sulfates through the sub- 
soil from either of the three natural products at the 100-ton rate for any one 
of the first four years, with the possible exception of magnesite during the 
third year. During the first three years of the second 4-year period, however, 
the amounts of sulfates leached through the subsoil were materially augmented 
particularly in the case of the dolomite, the yield from which was in excess of 
that from any one uf the shallow tanks. This indicates either the passage 
of the sphalerite-derived sulfates from the dolomite treatment in the surface 
soil or else an activated sulfate generation or sulfate liberation in the subsoil 
as induced by the specific ratio of calcium-magnesium salts supplied by the 
dolomitic limestone. 

RELATION OF TOTAL SULFATE LOSSES TO SOURCES OF SULFUR 

The shallow tanks have three sources from which the leached sulfates may 
have been drawn — soil, treatment, and rainfall. The deep tanks have the 
subsoil as an additional source. Although the SO3 content of the subsoil 
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Fig. 7. Pounds op SOj per 2,000,000 Pounds of Soil in Leachings from T.ank.s Treated 
WITH Dolomite Equivalent to CaO as Follows: 

f Tank 27— 8 tons 
Surface and subsniF 34 - 32 tons 

i 41-100 tons 


I Tank 6— 8 tons 
Surface soilj 13— 32 tons 

[ 20 — 100 tons 
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was found to be less than that of the surface soil, there was more SO3 supplied 
by the clay than by the soil, because of the 1-foot depth of the subsoil, as 
against 8 inches of surface soih In considering the relationship of outgo to 
the amounts of sulfur added in treatments, we have to deal only with MgO, 
MgCOs, CaCOs, dolomite, and magnesite, since the limestone and burnt 
lime were sulfur-free. 

It is of course difficult, if not impossible, to determine definitely the source 
of the sulfates found in the leachings; yet, certain proportionate relationships 
may be established. For instance, in some cases the annual sulfate outgo 
was less, and in others decidedly more, than the amount of SO3 washed down 
by the rainfall. In other instances the amounts of sulfates in the leachings 
which passed through the subsoil were greater than the amounts leached 
from the surface soil alone, demonstrating the fact that a fraction of the 
outgo was necessarily derived from the subsoil. Such relationships for the 
8-year period are given in table 8. 

Eight-ton treatment 

Since each treated shallow tank gave a sulfate outgo greater than that of 
the rainfall, it must be assumed that some of the leached sulfates were derived 
from either treatment or soil, or both. The sulfate total carried from the 
soil and through the subsoil was greater than that brought down by rainfall 
in the case of each of the three additions, MgO and precipitated carbonates 
of calcium and magnesium, but it was less for the burnt lime, limestone, 
dolomite, and magnesite. However, if all rainfall sulfates were leached 
through the surface soil, the 7 treatments show an average per acre loss of 
only 167 pounds of SO3 to be charged jointly against soil and treatment im- 
purities. Assuming no sulfur additions to the surface soil from treatment 
or rainfall during the 8-year period, all of the seven treatments at this rate 
caused losses in excess of one-half of the store present in the soil at 
the beginning of the experiment. When considered as the proportionate 
part of the sulfur carried by both soil and subsoil, each sulfate outgo from 
the deep tank is less than one-fifth of that possible from these two sources. 
The 6-year-period outgo of sulfur from the shallow control was less than the 
sulfate content of rainfall and only 25.2 per cent of the amount originally 
present in the soil. The outgo from the subsoil control was but one-twenty- 
second of that from the shallow control and only 0.5 per cent of the total 
native sulfur content of soil and subsoil. 

The yield of sulfates in the leachings over the 8-year period was many 
times the amount added through the impurities of the treatment, for all of 
those additions, save dolomite, where the proportions were only 1.81 to 1 
for the shallow tank and 1.13 to 1 for the deep tank. 

When the sulfate losses from the surface soil are expressed as per cent of 
the total sulfur supplied from all sources, all treatments show a loss of one- 
third or more of that possible. A maximum of 19.3 per cent and a minimum 
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of 12.0 per cent of that available from all sources, including the subsoil, were 
found to have passed through the treated soil-subsoil tanks. In the controls, 
only 18.5 per cent of that possible from the surface-soil control and but 0.4 
per cent of that possible from the deep-tank control were found in the total 
leachings after 6 years. 


Thiriy4wo ton treatment 

Either partial sterilization, increase in the soil’s retentive properties, de- 
pressed solvent action, desulfofication, or a combination of these factors 
resultant from this CaO treatment was responsible for a sulfate outgo of 
but 36.7 per cent of the amount originally present in the surface soil, and only 
6.0 per cent of that contained originally by both soil and subsoil. In each 
of the other oxide and carbonate treatments in the shallow tanks, the leached 
SO 3 amounted to more than 55 per cent of that native to the soil. The several 
magnesic materials caused the deep tanks to lose from one-fourth to one- third 
of the sulfur originally present in the soil plus subsoil. As previously noted, 
the smaller outgo from the 32-ton CaCOa treatment held not only for sulfates, 
but also for calcium; i.e,, a smaller total of both sulfates and calcium passed 
through the subsoil from 32-ton equivalent than from either the 8 -ton or the 
100-ton equivalent. Expressed as per cent of the total sulfates supplied to 
the surface soil from all sources, the MgO, CaCOa, MgCOa, limestone, and 
magnesite each had induced a sulfate outgo equivalent to slightly more than 
one-third of that possible; while the CaO and dolomite were responsible for 
losses of smaller proportions. Based on amounts from all sources, including 
the subsoil, the deep-tank losses varied from a minimum of 4.9 per cent, in 
the case ot CaO, to a maximum of 26.4 per cent, in the case of MgCOa. 

Both wollastonite and sepentine failed to push through an amount of 
sulfate equivalent to that of the rainfall. The SO3 leached from the serpentine 
tank was only 18 per cent of that which was brought to it by rainfall. The 
wollastonite and serpentine yielded 13.1 per cent and 3.0 per cent, respectively, 
as the fractions of sulfur available from all sources. 

One-hundred-ton treatment 

The sterilizing activities and other factors mentioned in the discussion of 
the 32-ton results were of still greater effect in the 100-ton addition, which 
was responsible for losses approximately one-eight of the total sulfur in the 
surface soil. Since the amount of sulfates which passed through the deep tank 
which contained CaO was more than twice as great as the amount which was 
lost from the corresponding shallow tank, it is evident that the larger fraction 
of the sulfate outgo was derived from the subsoil. The heavy CaO treatments 
so depressed the surface-soil sulfate outgo that the amount leached represented 
only one-fourth of the amount brought down in the rain water. The sul- 
fates derived from the subsoil increased the sulfate yield to 55,7 per cent of the 
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sulfur brought down in the rain water. The sulfate leachings from the heavy 
CaO additions were depressed to 8.2 per cent and 9.7 per cent of the amounts 
derived from all sources, for the surface soil and the soil-subsoil, respectively. 

Calculated to 8-year totals, with the exception of CaO, the sulfate outgo 
from each surface soil tank treated at the 100- ton rate was in excess of the 
amount carried by the rain water. The same was true for the deep tanks, 



Fig. 8 . Pounds of SO 3 per 2,000,000 Pounds of Soil in Leachings from Tanks Tre.ated 
WITH Magnesite Equivalent to CaO as Follows: 

f Tank 7 — 8 tons f Tank 28 — 8 tons 

Surface soil^ 14 — 32 tons Surface and subsoil-! 35 — 32 tons 

[ 21—100 tons i 42— 100 tons 

with the added exception of the limestone treatment, and this exception 
amounted to 99.0 per cent of the rain water content. The heavy losses from 
the dolomite shallow tank represented an amount equivalent to 203.7 per 
cent of the rainfall sulfur. 

Expressed in relationship to the amount of SO3 found in the surface soil, 
the seven treatments other than CaO caused sulfate leachings of 54.3’98.9 




32 


W. H. MaCINTIRE, W. M. SHAW AND J. B. YOUNG 


per cent of the amount originally contained in the surface soil. These same 
six treatments gave sulfate losses ranging from the hmestone minimum of 
20.8 per cent to the MgCOs maximum of 35.0 per cent of that possible where 
the leachings passed through both soil and subsoil. 

The amounts of sulfates leached from the surface soil were 3.46, 1.45, 3.20, 
and 3.14 times the sulfur impurities of the treatments for MgO, CaCOs, 
MgCOs, and magnesite, respectively. Corresponding respective multiples 
of 4.50, 1.28, 3.70, and 2.99 were found for the deep tanks. Most probably 
because of the larger sulfur content of the dolomite, the outgo of sulfates 
from this treatment was approximately one-fourth of that carried by the 
addition, in the case of the shallow tank, and approximately one-fifth in the 
case of the deep tank. 

In spite of the magnitude of the SO3 leachings which passed from the dolo- 
mite, they were equivalent to only 17.6 per cent of that available for the 
shallow tank and but 11.1 per cent for the deep tank, because of the large 
amount of sulfur added to that of soil and precipitation through the sulfur 
content of treatment. The other two native materials, the precipitated 
carbonates of calcium and magnesium and magnesium oxide, induced sur- 
face-soil losses ranging between 32.3 per cent and 41.0 per cent of the total 
of all sulfur sources for CaCOa and MgCO<{, respectively. The correspond- 
ing range for the subsoil tanks was from the minimum of 16.9 per cent in the 
case of CaCOs additions, to 26.8 per cent in the case of the MgO treatment. 

RELATION or 8-YEAR TOTALS OF OUTGO TO SOURCE OF SULFUR, AS 
INFLUENCED BY RATE OF TREATMENT 

Periodicity of sulfate leaching has been considered in the discussion of the 
influence of each treatment at the three rates. The divergences between 
the initial activity and that exerted through the remaining seven years have 
been shown for each addition at each of the three rates. This discussion 
will deal with the proportional relationships between the aggregate losses 
for the 8-year period and the amounts of sulfur available from soil, treatment- 
impurities, and rainfall. 


Burnt lime 

Since the outgo of sulfates from the surface soil decreases with increase 
in treatment, with constant initial soil content and precipitation, and with 
no sulfur added by the oxide, it follows that the percentage relationship of 
outgo also decreases with increased rates of application. There is a cor- 
responding per cent decrease when the diminishing surface-soil losses are 
calculated as fractions of the constant total of all sources of sulfur. The 
total sulfate outgo from the deep 8-ton tank is almost equivalent to that from 
the surface soil alone; hence the per cent loss drops from 52.1 to 20.3 of the 
combined sulfur stores of soil and subsoil. With a distinct decrease in the 
SO3 leachings through the subsoil from the 32-ton addition, and the addi- 
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tional sulfur content of the subsoil, the per cent of the possible drops to the 
low figure of 6.0. But in the case of the 100-ton addition, the burnt lime has 
either carried through more of the rain water sulfates or forced the liberation 
of sulfates already held as such, or else it caused the generation and liberation 
of additional sulfates from the subsoil. Hence, the augmented amount 
represents 11.7 per cent of the original sulfur content of soil plus subsoil. 

Expressed as fractions of the sulfur content of rain water collections, the 
SOs losses from surface soil show a progressive decrease in per cent— 107.3, 
75.6, and 24.9, respectively, for the 8 - 32- and 100-ton additions. The 
SO 3 forced through the subsoil by the 8 -ton addition represents the nearest 
approach to the amount of sulfur brought down by rainfall. That which 
passed from the 100 -ton subsoil tank amounted to a little more than one-half 
of the amount derived from rainfall. A still smaller amount, about one-fourth 
of that of the rain water, came through from the soil-subsoil tank which re- 
ceived burnt lime at the 32-ton rate. 

Magnesium oxide 

The MgO additions of 8 , 32 and 100 tons were responsible, respectively, 
for sulfate leachings equivalent to 52.7, 56.8 and 61.1 per cent of the soO^s 
initial sulfur content. With no great variation in amounts of sulfur lost 
from the surface soil, treated at the three rates, and with increasing amounts 
carried as impurities, the factors for outgo-to-treatment relationship decreased 
with increasing treatments. With uniformity in sulfate losses from the sur- 
face soil for the three rates and the approximation in amounts of sulfur avail- 
able from all sources for each rate, there followed a uniform relationship of 
outgo-to-source, approximately 36 per cent. 

The sulfate losses of 1150, 1310, and 1685 pounds from the deep tanks 
treated at the rates of 8, 32, and 100 tons, amounted to 23.5, 26.8, and 34.5 per 
cent, respectively, of the initial sulfur content of soil plus subsoil. Likewise, 
the increasing proportions of outgo to the totals available from all sources, 
19.3, 21.7, and 26.8 per cent, were induced, respectively, by the 8 -, 32- and 
100-ton treatments. The factors of outgo- to-impurities for the deep tanks 
decreased with increasing rates of treatment — 38.33, 10.92, and 4,50 for 8 , 
32 and 100 tons, respectively. 

Each MgO addition caused the surface soil to yield sulfates in excess of the 
amount carried by rainfall, the per cent relationships increasing with inten- 
sity of treatment. The same as to excess of leachings over rainfall content 
and order of per cent relationships held true for the deep tanks. Each deep- 
tank total, however, was greater than that of the corresponding shallow tank, 
establishing the fact that MgO effected a derivation of sulfates from both 
soil and subsoil. 
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Calcium carbonate 

Each of three shallow tanks gave a sulfate outgo close to 60 per cent of 
the original sulfur content of the soil. The sulfate losses from the 8 -, and 32- 
ton additions were closely approximate, and somewhat less than the outgo 
from the 100-ton-equivalent addition. The outgo-to-total-source relation- 
ship and the impurity factors decreased with increase of treatment. Since 
the sulfate losses did not increase consistently with increase in treatment, 
the relation between outgo and rainfall sulfates also failed to show per 
cent increase with increased applications. 

The sulfate leachings from the deep tanks approached those from the 
shallow tanks for the 8 -ton and 100 -ton additions but were decidedly less for 
the 32-ton treatment. As stated this relationship holds not only for sulfates, 
but for total calcium. The largest proportion of the aggregate sulfur stores 
was carried through the subsoil by the 8 -ton treatment and the smallest 
by the 32-ton addition. 


Magnesium carbonate 

With increase in treatments, magnesium carbonate caused increases in 
per cent losses of sulfates from the surface soil. The percentage relation- 
ship between sulfate leachings and rainfall sulfur increased with increase 
in MgCOs additions for both shallow and deep tanks, each outgo being in 
excess of the amount brought down in rain water. The impurity factors de- 
creased for both depths with increase in treatment. The sulfate outgo from 
the shallow tanks was close to 40 per cent of the total available sulfur. 

With increase of treatment from 8 to 32 tons, there occurred an increase 
in percentage relationship of deep- tank sulfate losses to the aggregate amount 
carried by soil and subsoil. The relationship was quite close, however, for 
the 32- and the 100-ton additions. The 8 -ton rate caused an SO 3 loss about 
one-fifth of the aggregate of all sulfur supplies, while losses of approximately 
27 per cent came from both the 32-ton and 100-ton additions. 

Limestone 

With the maximum from the 8 -ton addition and the minimum from the 
32-ton addition in the shallow tanks, each limestone treatment caused a sul- 
fate loss of more than 50 per cent of that possible from the soil. The same 
order held for relationship of sulfate outgo to rainfall sulfur. In terms of 
per cent of the aggregate of available sulfur both 8 and 100 tons showed 
losses greater than the loss from the 32 -ton treatment. 

The sulfates passing through the subsoil from this treatment are expressed 
p 17.4, 19.2, and 20.8 per cent of the sulfur carried by both soil and subsoil, 
in the order of 32-, 8 -, and 100 -ton treatments. The same order prevails in 
the losses of 14.4, 15.7, and 17.2 per cent of the respective aggregates of all 
sources of sulfur. 
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Dolomite 

Increase in the dolomite treatments caused the surface soil to suffer in- 
creased losses, 60.0, 67.4 and 98.9 per cent of the amount originally present, 
having come from the three respective rates. The same holds true as to re- 
lationship to the constant amount of rain-water-sulfur content. The 100- 
ton addition is the only one of 46 tanks which gives a sulfate outgo more than 
double the amount precipitated by rainfall. The order of per cent relation- 
ship is reversed, however, when the actual amounts of sulfur losses are cal- 
culated on the basis of aggregate of sulfur supplies, because of the increasing 
amount of sulfur added as treatment impurities. The factors which express 
ratio between outgo and impurities decrease with increase in addition. 

The ratio of sulfate outgo to combined sulfur content of soil plus subsoil 
increases with increase of treatment in the deep tanks. The sulfate content 
of the teachings is less than that of the rainfall in the case of the 8 -ton deep 
tank, but greater for both the 32- and 100-ton rates, the heaviest treatment 
giving the larger excess. Expressed as per cent of the total available sulfur, 
the deep tanks give practically the same figures for the 8 -, 32-, and 100-ton 
additions, although the actual amount of sulfate outgo from the latter addi- 
tion is about twice that from either of the other two. This relationship 
obtains in spite of the fact that the maximum sulfate came from the 100 -ton 
incorporations, because of the larger residual of unoxidized sulfide impurities. 

Magnesite 

Increase in magnesite additions did not cause a consistent increase in the 
fraction of surface-soil sulfur, nor that of rainfall sulfur, which appeared in 
the leachings. Each of the shallow magnesite tanks lost about 36 per cent 
of the potential sulfates from soil, treatment, and precipitation. 

The 8 -ton magnesite addition forced a sulfate loss from the deep tank of 
about one-sixth of that available from both soil and subsoil and but 79.2 per 
cent of the sulfate content of the rainfall. The same treatment induced a 
loss of SO 3 equivalent to only 13.9 per cent of the sulfur derived from all four 
sources. Both the 32- and 100 -ton additions caused a sulfate movement 
through the subsoil of about one-fourth of the sulfates possible from the 
stores carried by both surface soil and subsoil and about 20 per cent more 
than that precipitated by rain. Coincident with the increase in rate of 
treatment, there occurred a decrease in the factors which expressed the rela- 
tion between outgo and actual amounts of sulfur added through treatment 
impurities. 

THE OXIDATION OF ZINC SULFIDE CARRIED BY DOLOMITE 

In noting the fact that the dolomite treatment was more active than lime- 
stone and magnesite in accelerating the outgo of sulfates from the shallow 
tanks, mention was made of the sphalerite content of the dolomitic limestone. 
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It was also observed that this disparity in outgo increased with increase in 
rate and that the maximum of all sulfate leachings came from the 100 -ton 
addition of dolomite. It was assumed that the excesses from the dolomite 
were due to the oxidation of the zinc sulfide carried by the dolomite. Such 
oxidation was assumed to be attributable to both chemical and bio-chemical 
activities- Since the preparation of this manuscript an article bearing upon 
sphalerite oxidation has been contributed by Rudolfs and Helbronner ( 9 ). 
These workers state: ^^Apparently as the result of chemical reactions a small 
amount of zinc sulfide was converted into zinc sulfate” and ‘‘However, the 
inoculated cultures made far more zinc sulfate than the uninoculatcd mixtures; 
. . . . They further found a steady increase in relative acidity, 
fluctuations in pH values, and no inhibition from the increased concentra- 
tions of sulfofication end products. In our own results of medium has always 
been alakline for each of the three additions because of the excess of dolomite. 
Therefore, while the sulfofying organisms may best function in an acid medium, 
it must be concluded that they also function in one of alkaline reaction, if the 
excesses of sulfates derived from the dolomite treatments are to be considered 
as having been generated in the main by bacterial action. The sulfate leach- 
ings from the dolomite treatments in the shallow tanks w^ere 1271, 1428, 
and 2093 pounds of SO 3 as the totals for 8 years from the 8 -, 32-, and 100-ton 
additions, respectively. These three amounts were derived from a soil and 
rainfall constant of 3149 pounds of SO3 plus 701, 2804, and 8763 pounds of 
SO3 supplied by the respective dolomite additions. The sulfate losses from 
the surface soil were generally more extensive during the first two years. 
The losses for the first four years were 66.7, 64.3, and 55,1 per cent of the 
respective 8 -year totals for the additions at the rate of 8 , 32, and 100 tons. 
It can not well be assumed, however, that the major fractions of the sulfate 
leachings wxre derived from the sphalerite content of the finely ground dolo- 
mite unless the dolomite were considered as differing from the other carbonates 
and as having no effect upon the oxidation of native soil organic sulfur. For 
both the precipitated and the native forms of calcium and magnesium carbon- 
ates caused a marked acceleration in the outgo of sulfates and a large part of 
each increase was necessarily derived either from the native sulfur content of 
the soil or from the rainfall, or from both. When the activities of the organ- 
isms responsible for the sulfofication of the sphalerite are established for 
alkaline calcic-magnesic media containing also neutral calcium and mag- 
nesium salts, it will be easier to draw conclusions astothe relative proportions 
of chemicaland bio-chemical oxidations of sphalerite which were responsible 
in part for the dolomite-induced sulfate leachings reported in this study. 

SUMMARY 

An 8 -year study of annual sulfate leachings from tanks containing surface 
soil and surface soil plus subsoil, as influenced by nine different calcic and 
raagnesic materials in different amounts, was carried out by the use of fortv- 
six field lysimeters. 
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Comparison of treatments disregarding sulfur sources 

At the 84on rate^ all seven materials, CaO, MgO, CaCOa, MgCOs, 100- 
mesh limestone, dolomite, and magnesite, materially increased the loss of 
sulfates from the surface soil. Compared with initial annual outgo, there was 
a distinct diminution in all losses from the surface soil after the first year. 
The losses from the treated tanks, however, continued to be greater than those 
from the control. Only fractions of the increases of the initial year passed 
through the subsoil, but represented distinct increases over the meager leach- 
ings through the subsoil of the control. The tendency of the subsoil losses 
was to increase from minimum initial outgo, the amount of increase depend- 
ing upon the solubility of the alkali-earth addition. The differences betw^een 
the 8-year outgo of SO3 from surface soil and from surface soil plus subsoil 
were greatest in the case of the native carbonate treatments. 

At the 32-ton rate the distinctly depressive iniluence 0/ CaO is shown in 
contrast to the activating influence of MgO and the carbonates. The MgO 
and MgCO;i admixtures were the most active at first. The sulfate losses from 
the surface soil decreased for all treatments, save CaO, after the initial year. 
The losses of the second and third years and many of those of the succeeding 
years, were, however, still in excess of losses from the control tank. The 
sulfate losses from the subsoil tanks were greatest for the MgO and MgCO? 
treatments during the second and third years. The smaller losses from less 
soluble materials and CaO did not become maximum until the third year, or 
the fifth year, and in three cases, even later. The 8-ycar totals from surface 
soil and from subsoil tanks were less for the CaO treatment than for the others. 
The relationship between the surface-soil 8-year totals and those from 
the soii-subsoil were governed by the solubilities of the several additions. 
Wollastonite was found to increase the losses much more than serpentine. 

At ike 100 Aon rate, CaO was found to be exceedingly effective in stopping 
losses from the surface soil, but after the fourth year the heavy addition be- 
came active in forcing sulfates from the subsoil zone. All other additions 
increased the surface soil losses to excessive amounts during the initial year, 
the MgO and MgCO.i treatments again being most active in this regard. Even 
with a decided fall-off during the second and third years, the losses during 
each of these two years were still largely in excess of the loss from the sur- 
face soil control. The maximum surface-soil outgo for the 8-year period w^as 
caused by dolomite which materially supplemented the sulfur stores available 
for oxidation because of its content of sphalerite. 

The MgO and MgCOa treatment were again the first to force surface-soil 
sulfates through the subsoil, the largest amounts coming during the third 
year. The less soluble materials showed increased losses from the subsoil 
during the fifth and sixth years and even through the seventh year. The 
more penetrating MgCOa and MgO additions were responsible for large losses 
sulfates from the subsoil zone, and thus caused soil-subsoil totals in excess 
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of those from the corresponding surface soil. The remaining four of the six 
more active materials caused larger 8-year losses from the surface soil than 
from the surface soil plus subsoil. 

The influence of magnitude of treatment was found to vary. Increase in 
applications of burnt lime was followed by progressive depression of surface- 
soil sulfate outgo, but only the heaviest application depressed the total below 
that of the control. Compared with the increases from the other six oxide 
and carbonate additions in the deep tanks, increase in amounts of lime brought 
increased, though not progressive, depression. But in spite of this effect 
the sulfate outgo for each treatment was largely in excess of that of the sub- 
soil-tank control. 

Increased treatments of MgO and MgCOs caused progressive increases in 
both initial and total sulfate losses from the surface soil. The same held 
true in regard to soil-subsoil losses. 

The chemical and biochemical factors responsible for the depressive action 
of CaO were considered in connection with calcium hydroxide concentrations 
of teachings and the solubility of freshly precipitated CaS 04 in such concen- 
trations. 

No consistent increase in sulfate outgo from the surface soil resulted from 
increase in rates of treatment of CaCO^, limestone, or magnesite, but increased 
loss of sulfates, with increased treatments of dolomite in both surface soil 
and subsoil tanks was probably due to increasing amounts of sphalerite. 

The sulfate increases in the subsoil leachings were found to be more depen- 
dent upon the solubility than quantity of the alkali-earth additions and ran 
parallel with increased concentration of the applied base in leachings. While 
increased MgO, MgCOs, and dolomite additions gave decided progressive 
increases in total SO3 lost from the subsoil, the same did not hold for CaCOa 
and limestone. Although a material increase in sulfate losses followed the 
increase of magnesite from 8 tons to 32 tons, little additional outgo resulted 
in the further increase to 100 tons. 

The systems MgCOa-MgSOrHsO and CaCOa-CaSOi-HaO were affected 
differently by the treatments with MgO, CaCOa, and MgCOa and they differed 
in rapidity of outgo from the subsoil. Greatly increased sulfate leachings 
and increased alkalinity were induced first by the 32-ton-equivalent additions 
of both MgO and MgCOa, though the totals came in order of treatment. But 
the totals of both sulfates and calcium were less from the 32-ton CaCOa 
treatment than from either 8- or 100-ton additions. 

Efect of treatments as related to sources of sulfur 

Relationships were calculated for each total outgo to each of the several 
sources of sulfur; viz., soil, soil and subsoil, treatment impurities, and rain- 
fall. Except CaO at 32- and 100-ton rates, every treatment at each rate 
caused a loss of more than one-half of the original sulfur content of the sur- 
face soil. With the same exception, all treatments caused losses in excess 
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of the rainfall sulfur. All treatments at the 8-ton rate induced sulfate losses 
approximating 35 per cent of the sulfur available from all sources. The same 
was true of all surface-soil losses from the 32- and 100-ton additions of MgO, 
CaCOs, MgCOs, limestone, and magnesite. Expressed as per cent of the total 
sulfur available, the sulfate teachings from the surface soil tanks decreased 
with increase in treatments of both CaO and dolomite. The burnt lime caused 
actual as well as per cent decreases. But in spite of a marked progressive 
increase in outgo parallel with increase in dolomite treatment, the outgo 
appears as a low per cent of the total available sulfur because of the aug- 
mented sulfur supply and unoxidized residues of sphalerite impurities. 

The sulfur loss from each of the seven treatments, at each rate was less 
than the amount originally present in the soil plus subsoil. With the excep- 
tion of CaO and limestone at all rates, dolomite and magnesite at the 8-ton 
rate and CaCOa at the 32-ton rate, each of the seven materials caused subsoil 
sulfate leachings in excess of the amount of SO3 carried by the rainfall. The 
respective relationships between subsoil losses and totals from all sources may 
be considered best in detail by reference to the last column of table 8. 

It was shown that unaltered subsoil stopped large amounts of sulfates and 
that the influx of calcium and magnesium salts served to diminish or even 
overcome this property and in some cases to push sulfates through the sub- 
soil. 

The value of parallels of tanks with and without subsoil is emphasized 
in the determination of periodicity and magnitude of sulfate generation 
in the surface soil; the increased or decreased tendency of the subsoil to per- 
mit passage of sulfates as a result of treatment; the subsoil zone as a source 
of engendered or liberated sulfates; and attainment of balance between the 
several systems involved in the sulfate concentrations of the leachings. 

The sulfate sulfur leached from the untreated soil was less than the amount 
brought to it by rainfall. 

The oxidative processes responsible for the generation of sulfates from zinc 
sulfide were mentioned and assumed to be of both chemical and biochemical 
nature, until more data are at hand relative to biological activities in alkaline 
calcium-magnesium media. 

The treatments heavier than the 8-ton equivalent rate may be considered 
primarily as of academic interest, in showing the divergent effects induced by 
the several materials applied. But the data from the 8-ton additions may be 
construed not only as showing the divergent influences of treatment, but 
also as indicating that the injudicious use of liming materials may rapidly 
impair the supply of sulfur carried by the surface soil, particularly where the 
supplementary supplies derived from rainfall are meager in quantity. 
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INTRODUCTION 

Since colorimetric methods were developed for the study of soil extracts 
there has been an increasing number of observations on the relation of the 
hydrogen-ion concentration of the soil extract to plant distribution. The 
general conclusion resulting from these studies has been that a soil of a par- 
ticular locality has a more or less definite pH value and that plants found 
upon this soil are frequently those having a preference for that hydrogen-ion 
concentration. 

These studies have been made frequently by testing the surface soil or 
that about living roots plucked from the soil. It seemed desirable to make a 
more intensive study of a particular region through a considerable length of 
time, taking into consideration the pH values of the subsoil and their relation 
to root distribution. 

Subsoil acidity has not been without investigators. Wherry (13), working 
at Hillsboro, Delaware, in March 1919, found that in digging down into 
sand beneath upland peat the acidity decreased markedly. Two years later 
Arrhenius (2), making borings about Bahtim and Giza in Egypt in some cases 
to a depth of 300 cm., found that the surface soil was alkaline but that the 
alkalinity decreased with depth; finding at Bahtim, however, an increase in 
pH values from surface to a certain depth followed by a decrease. Salisbury 
(10), in England, has also found a decrease in acidity of the subsoil of 
woodlands. 

SOILS AND METHODS OF TESTING 

A convenient locality was found in Chester County, Pennsylvania, about the village of 
Paoli. Within a radius of five miles there are five soil types with a number of diversified 
phases; Hagerstown (limestone), Chester (granitic), Manor (schistose), Dekalb (sandstone) 
and Conowingo (serpentine). A description of these soils and their location will be found 
in an earlier paper (6). Comparable areas were selected, representing as far as possible the 
average condition of that soil type and having as far as possible among themselves the same 
degree of slope, drainage and exposure. A large proportion of the tests w'ere made in wooded 
regions which were as nearly in an undisturbed condition as could be found, while many 
tests were made in cultivated fields as well. 

^ A thesis presented to the Faculty of the Graduate School of the University of Pennsyl- 
vania in partial fulfillment of the requirements for the degree of Doctor of Philosophy. 
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Work was begun in November 1920. Originally only the surface soil was tested, by the 
colorimetric method described by Wherry (12). In the summer of 1921 it was decided to 
make careful tests on the subsoil The soil auger used, consisted of a 1.5-mch wood auger 
the shaft of which was threaded and fitted to 50 cm. joints of gas-pipe and a handle. This 
could be carried conveniently in the field and could be operated to a depth of two metres, 
though this depth was not found except in Hagerstown loam. 

In boring, care was taken that the samples should not be contaminated by soil of higher 
levels. A bit of the core from successive 15-cm. levels was pressed into a glass test-tube 
100 X 15 mm. to a height corresponding to that of 5 cc. of water; the tube was corked and 
carried to the laboratory. Here distilled water (conductivity 2 X 10'") was added to a 
level equivalent to that of 15 cm. of water; the soil and water were then thoroughly stirred 
with a clean glass rod, and the suspension was allowed to settle, requiring usually from two 
to twelve hours. The entire interval between taking the sample and testing was seldom 
more than twenty-four hours. 

Clear extracts could then be tested directly, using 1 cc. of the extract and comparing with 
standards as described by Clark and Lubs. Since the extracts were frequently turbid, a 
comparator was constructed by which the turbid extract might be compared with the stand- 
ard which was screened by a similar turbid extract, viewed by electric light screened by blue 
glass. When very turbid the extract was diluted with distilled water to two or three times 
its volume, giving but a small error. 


TABLE 1 

Relation of productivity to soil reaction 


son ■nPE 

CHARALTERIZATION BY SOIL SURVEY 

AV'ERAGE 

REACTION 



pn 

Hagerstown 

“exceptionally well adapted to crop production” 

6.92 

Chester 

“well adapted to crop production” 

6.53 

Manor 

“of considerable less value than Chester” 

6.15 

Dekalb 

“not very productive” 

5.71 

Conowingo 

“very poor” : 

S.38 


RESULT OF SOIL TESTS 

Surface soil tests had shown that a general average pH could be assigned to 
comparable areas of each loam, and these are given in table 1, together with 
a characterization of each soil made by the United States Department of 
Agriculture soil survey in 1906 (15). Correspondence between degree of 
fertility and pH value is evident. 

Results of boring tests are given in table 2, in which the serial number of the 
test is given in the left-hand column, the depth in centimeters at the top and 
the average acidity at the bottom. Tests were not made closer than pH O.l. 
AH tests were made colorimetrically and have not been checked with 
the hydrogen electrode. Tests on Dekalb and Conowingo loams may be 
somewhat in error because indicators used with these soils were methyl red 
and cresol purple, which indicators are often not in agreement. Two indi- 
cators were always employed in testing and in some doubtful cases three. 

Relations between average values determined from table 2 are made more 
evident by figure 1. It is seen at once that in most cases the curve does not 
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TABLE 2 


Reaction of soil types stiidied 


REACTION AT VARIOUS DISTANCES FROM 
SURFACE 


SERIAL 

TEST 

number 

Surface 

g 

S 

o 

E 

60 cm. 

1 

i 

§ i 

i 

s 


1 

PH 

PE 

VH 

\pE 

PE 

pn 

PE 


Hagerstown loam 


REACTION AT VARIOUS DISTANCES FROM 
SURFACE 


SERIAL 

TEST 

NUMBER 

Surface 

15 cm. 

30 cm. 

i 1 

60 cm. 

s 

g 

ij_ 

II 


pB 

ps 

\pB 

ph\ 

\pa\ 

PE 

\pE 

pn\ 


Chester loam 


332 

6.9 


6 . 8 | 6.6 

6.6 

6.8 

6 . 86.8 

7.0 428 

5.6 

4 . 4I4 . 45.O 




! 

341 

7.1 


6.8 

...I 

6.7 




433 


4 . 4 ! 4 , 45.1 

5.2 

5.1 

5.8 


4S4 

7.0 


6 . 46.6 





440 


5.0 

5.0 


6.0 



1 

816 

7.0 

7.3 

7 . 5 , 7. 4 

7.5 

7.5 

7.4 

7.4 

499 

6.2 

6.4 

6.4 

6.4 

6.4 

6.4 

6.0 

6 . 2 ' 

824 

7.0 

7.4 

7.3 

7.3 

7.5 

7.4 



506 

6.8 

5.9 

6.3 

6.8 

6.6 




830 

7.0 


7.4 

7.5 

7.5 




511 ‘ 

7.0 

6.2 

6.2 


6.2 



6.6 

735 

7.0 

6.7 

7.2 

: 7.2 

7.0 

7.0 

7.1 

7.2 

519 

7.0 

6.4 

6.5 

6.6 





743 

7.0 

6.8 

6 . 7 ; 

7.0 

7.2 


7.2 

7 . 2 ' 

7.3 523 

7.0 

6.4 

7.0 

6.4 

6.4 

6.6 

6.8 


752 

7.0 

6,8 

6.8 

7.0 

7 . 2 ; 

7.2 

7.3 

7.4 

836 

6.6 


6 . 0 | 

6 . 5 ! 

6.6 




882 

7.1 

7.0 

7.0 

7.2 

7.0 




841 

6.8 

6.2 

6 . 3 ' 

6.4 

6.8 




892 

7.0 

7.0 

7.0 

7.0 





563 

6.2 

6.2 

6.4 

6.8 





897 

7.0 

6.5 


7.0 

7.0 




568 

6.8 


6.4 

6.4 

6.6 

6.5 

6.5 

6.6 

974 

7.0 

6.6 

6.8 

7 . 0 ^ 

7.0 




583 

7.0 

6.5 

6.4 

16.6 





990 ; 

7.0 

6.5 

6.0 

6.2 





587 

7.0 


6 . 56.1 





994 

7.0 

6.8 

7.0 


7.0 




591 

6.8 

6.4 

6 . 56.7 

6.8 

6.8 



999 

6.6 

5.8 

6.4 

6.6 

6.6 




607 

5.8 

5.4 

6.0 

' 6.1 

6.1 

6.1 

5.8 

5.8 

1004 

6.8 

6.4 

6.8 

6.8 

7.0 




617 


5.6 

5.8 

6.0 

6.1 

6.1 

6.2 


1009 

6.5 

6.5 

5.8 

6.0 

6.2 




624 

6.5 

5.4 

5.8 

5.9 

6.1 

5.8 

6.0 

5.8 

1019 

7.3 

6.9 

7.0 

7.1 

7.0 




1031 

6.5 

5.6 

6.2 

5.8 

6.1 




1024 

7.2 

6.8 

7.0 

7.0 

6.9 




1035 

6.5 

5.6 

5.8 

5.8 





1029 

7.0 

6.8 

6.9 

6.9 

7.0 




1039 

6.5 

5.6 

6.5 

6.8 

7.0 




1220 

7.4 

6.8 

7.1 

6.4 

6.8 




lOH 

6.8 

6.0 

6.1 

6.2 

6.2 




1225 

7.3 

7.4 

7.3 






1049 

7.0 

6.6 

5.6 

6.4 

6.8 




1228 

7.3 

7.2 

7.3 

7.4 

7.4 




1054 

6.5 

6.2 

6.4 

6.4 

6.2 




1226 

7.2 

6.2 

6.5 

6.5 

6.5 

7.0 

7.0 


1049 

6.2 

6.0 

6.4 

6.5 

6.6 




1273 

7.0 

6.6 


6,8 

7.0 

7.0 

7.0 

7.0 

1064 

6.0 

5 . 6 : 

S.8 

6.0 

6.2 




1281 

6.6 

6.4 

7.0 

7.3 

7.4 

7.0 

7.0 


1070 

6.0 

5.8 

5.5 

5.6 

5.6 




1335 

6.4 

6.0 

6.0 

5.8 

5.8 

5.9 



1075 

5.5 

5.4 

5 . 6 ; 

5.6 

5.7 




1341 

6.4 

6.0 

6.0 

6.0 

6.0 




1080 

7.0 

6.1 

7.0 

6.9 

6.8 




1346 

6.2 

6.0 

5.8 

6.0 

6.0 




1085 

6.8 

6.8 

6.3 

6.4 

6.8 


i 


1381 

7.0 


6.8 

6.7 

7.0 




1090 

6.5 

6.6 

7.0 




1 

1 


1439 

6.8 

6.8 

6.5 

6.5 

6.5 




1246 

6.8 

6.2 

6.2 

6.3 

6.4 




1444 

6.8 

6.6 

6.5 

6.5 

6.5 




1251 

6.0 

6.1 

6.2 

■ 6.3 

6.4 

6.6 

6 . 6 ; 


1449 

6.8 

6.8 

6.6 

7.0 

7.0 




1258 

6.9 

5.8 

6.1 

6.1 

6.1 


6.4 

6.5 

1553 

7.0 

7.0 

6,8 

7.0 

7.0 




1317 

6.2 

5.4 

5.6 

' S.6 

; 6.1 

6.0 



1568 

7.0 

6.6 

6.6 

7.0 

7.0 




1323 

6.4 

5.6 

5.8 

6 . 06.0 




1558 

6.7 

6.5 

6.6 

6.8 

7.0 




1329 

5.6 

5.7 

5.8 

5 . 86.0 

6 . 0 : 












1409 

6.5 

5.4 

5.4 

5 . 45.6 




Av . 

6.9 

6.6 

6.7 

6.8 

6.8 

6.9 

7.1 

7.1 

1414 

6.4 


| 5.8 

5 . 66.0 
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TABLE l—Cotitmiei 


REAt.TIO^ AT VASrons niSTASXES FROM 
iURTACE 


SERIAL 

TEST 

NUMBER 

Surface 

1 

30 cm. 

e 

‘ii 

A 

75 cm. 

4 1 
^ 1 
o 

Is 

o 


I pH ^ 

pu 

\pu 

\pu 

'pu\ 


pB j 

\pB 


Chester loaw— Continued 


REACTIO-V AT VARIOUS DISTANCES FROM 
SURFACE 


SERIAL 

TEST 

1 ^ 

a 

4 

S 1 

1 S j 

R j 

R 

g 

g 

N'CMBEH 

1 "i 1 

^ i 


^ 1 





o 


j ^ 



^ ' 

o 


o^ 





pH 

pB 

pH 

\pH. 

PH 

5 

^5 

pH 


Dekalb loam 


1419 

6.3 

6 . 36 . 216 . 06.0 



352 

5.4 

5.2 

5 . 415.4 

Os 

o 



1484 

7.0 

6.8 6 . 8 ! 7 . 07 . 0 | 



472 

5.8 

5.8 

6 . 06.2 




1489 

7.0 

...! 6 . 8 : 6 . 8 ) 7.0 




476 

5.4 

5.2 

5.2 

5,2 

5.2 

5.2 


1494 

7.0 

6 . 86 . 9 ; 6 . 9 ; 7.0 




487 

5.9 

6.2 

6.4 

6.4 

6.4 



1568 

6.8 

6 . 2 ' 6 . 7 j 6 . 8 ' 6.8 




492 

6.0 

6.5 

6.4 

6.2 

6.0 



1573 

7.0 

6 . 6 , 6 , 5 ; 6.7 6.8 




710 

6.1 

5.7 

5,6 

5.6 

5.8 

5.7 

6.0 

1578 

6.1 

5.8 6.4 6 . 8 i ... 




717 

5.0 


5.2 

5.1 

5,2 

5.5 




i 






723 

5.0 

5.6 

5.4 

5.2 

5.2 



Av. 

6.5 

5 . 9 ^ 6 . 16 . 26.2 

6.2 

6.2 

6.2 

785 

5.7 

5.6 

5.7 

5.7 

5.6 

5.6 





— 

^ ^ — 

— 792 

5.6 

5.4 

5.4 

5.8 

5.8 





M anor loam 

760 

5.7 

5,2 

5,0 

5.0 

5.0 

5.0 

5.0 

370 


5 . 26 . 2 j 6 . 6 ' 6 . 4 | 



767 

5.6 

5.0 

5.0 

5.0 

5.4 

5.7 

5,6 

375 

6.0 

6 . 2 ' 6 . 2 i 6 . 6 [ 6 . 4 ! 6.6 



774 

5.9 

5.4 

5.6 

5.4 

5.8 

5.8 

6.0 

381 

6.1 

5 . 66 . 76 . 8 : 7 . 0 [ 6. 9 

6,8 


781 

5.6 

5.4 

5,6 

5.7 




388 


.. . l 5 . 2 | 5 , o ' 5 . 0 : 5,0 

5.0 


897 

5.4 

5.4 

5.6 

6.0 

6.5 



395 


5 . 2 j 5 . 5 L 5 . 1 j 5 . 2 | 



902 

5,3 

5.4 

5.9 

6.1 




400 


4 . 7 | 4.7 5 . 05 . 0 ; 5.2 

5,4 


906 

5.8 

5.4 

5.6 

5.7 

6,1 



676 

7.0 

6 . 2 ' 6 . 56 , 8 l 6 , 8 : 6,8 

6.8 


911 

6.1 

6.6 

6.6 

6.4 




686 

6.8 

5 . 6 ! 6 . 6 i 6 . 8 | 6.8 




929 

5.8 

5.6 

5.6 

5.7 




867 

6.5 

5 . 716.5 6 . 5 ( 6. 6 




934 

5.4 

6 . 0 j 6.2 

6.4 

6.5 



872 

0,4 

5 , 8 j 6 . 6 | 6 . 8 ’ 6.5 




939 

6.0 

6 . 0 ; 5.9 

6.0 

6.0 



919 

7.0 

6 . 1 | 5 . 9 , 6 . 3 ! 6.5 




944 

5.8 

6 . 0 , 5.0 

5 , 6 ) 5. 7 



924 ! 

7.0 

6 . l | 5 . 96 . 3 | 6.5 




954 i 

! 5 . 4 | 

5 . 415.2 

5 , 2 j 5.2 



10941 

5.2 

5 . oj 5 . o ! 5 . l 5.1 




959 

' 5.8 

5.8 

6 . 06 , 06.0 



1099 

5 . 8 i 

5 . 215 .0 5 . 0 : 5 .0 




963 

' 5,7 

5 . 45 . 315 . 3 : 4.9 

! 



1106 

’ 5.6 

5 . 515.7 






968 

5.8 

5 . 4 j 5 . 8 j 6.1 

! 


1114 

! 6.2 

5 , 8 : 6 . 4 ! 6 . 56.5 




1207 

6.0 

6 . 0 ; 6.3 6 . 46.2 



1119 

6 . 6 | 

6 . 516 . 06 . 06. 4 




1212 

6.3 

6 . 1 i 6 . 3 : 6 . 46.4 



1134 

5 . l | 

4 , 814,9 

4.9 

5.2 




1311 

5.6 

4 . 94 . 9 j 5.2 

5.2 


1 ; 

1301 

‘ 5.4 

5 . 6 | 6.1 

6.1 

6.2 




1356 

5,6 

5.2 5 . 0 i 5. 1 

5.2 


1 

i 

1306 

5 . 4 | 

5 , 1 | 5.3 

5.4 

5.5 




1361 

15,6 

5.4 

, v 45.8 

5,6 



1311 

5 . 6 | 

5 , 5 : 5. 7 

5.9 

6.1 




1396 

5.7 

5.3 

5 . 3 i 5 . 4 | 5.6 



1366 1 

5 . 8 ! 

5 . 4 : 6. 0 

6.0 

6.0 




1401 ' 

5.7 

5.3 

5 . 3 | 5.3 

5.5 



1371 ; 

5.8 

... 6,5 

6.5 

6,5 




1406 

6.1 

5 . 4 S . 4 j 5.5 

6.1 



1376 

6 . 1 ! 

6 . 16.0 

6.0 

5.8 




1429 

' 6.1 

5 . 4 ' 5.4 

5.7 

5.7 



1454 

6,7 

6 , 2^6 

6.9 

6.8 




1434 

6.1 

6 . 45,4 





1459 

6.6 

6 . 2 | 6 , 96.9 

6.8 




1593 

5.4 

5 . 86 . 0 . 6.2 6.4 


1 

\\(A 

6 . 6 ' 

6 . 4 ! 6 . 86.8 

6,8 




1598 

6.2 

6 . 4 j 6 , 4 : 6 . 66.6 



1579 

6 . 8 ; 

6 . 46 , 66.6 

6.8 




1603 

5.8 

6 . 05 . 616 . 46,6 



1584 

6 , 6 | 

5 . 86 . 06.8 













1588 

5 . 8 , 

6 . 0 ' 6 . 06.2 

6.4 




Av. 

5.7 

5.6 

5.6 

5.7 

5.7 



Av. 

6.1 

’^, 75 . 8 | 6 . 16.2 














TABLE 2 — Concluded 


reaction at VARIOrS niSTANCES FROM 
SURFACE 


REACTION AT VARIOUS DISTANCES FROM 
SURFACE 


Surface 

S 

u 

30 cm. 

45 cm- 

6 

1 

1 s 

s 

, 0 
i 

120 cm. 

^ ^ 

Surface 

E 

u 

E 1 
a : 

45 cm. 

V 

S j 

i 

1 

1 

\ ^ 
o 

1 i 

o 

1 pa 

pa 

\pn 


pa 

\pa 

pu 

\pa 

\pH 

pa 

pa \ 


\pa. 

pa\ 

Ipnl 

^pa 

\pn' 

\p3 


Conoii'in^o loam Conomugoloam—Conlinued. 


418 

4.6 

4.85.05,8 




1149 

5.8 

6.o!6.0i 




422 

4.6 

4.4'5.6|5.8j 




1152 

4.81 5. 0.6.06. 5'6.2 




549 

5.4 

5.45.6:5.86.2 




1157 

5.0 

4.8j5.05.0;6.0 




557 

5.4 

6.2|6.1;6.26.4 

6.4 



1162 

5.6 

5.6j5.86.0i 




530 

5.6 

5.65.86.1 6. 2!6.1 



1166 

6.1 

5.7j6.5;6.5,6.5 




541 

5.6 

5.65.8'6.l! 




1171 

5.2 

5.65.85.6*6.0 




549 

5.4 

5.45.65.8!6.2 




1233 

5.4 

5.86.06.06.3 




557 

5.4 

6.2!6.1i5.86.4 

6,4 



1238 

6.1 

4.4!5.15.3'5.3 

5.5 



632 

5.1 

5,0|5.2|5.2;5.7 

5.8 



1294 

5.2 

. . .|5.3:5.5| 




639 

5.4 

4.9j5.2!...|5.8 

6.0 



1469 

5.4 

5.6:5,8 5.8 5.8 

i 



646 

6.0 

5.8:5.8|5.8'6.2 




1474 

5.4 

5.05.65.8-5.8 




65.3 

5.8 

5.4|6.2:6.4;6.4!6.6 



1608 

5.4 

! 6. 2'6. 4*6. 4-6.4 




659 

6.0 

6.0.6.4:6.4.6.1 

6.1 



1613 

5.8 

5.96.0*6.4 




847 

5.0 

5.6|5.7|5.8;6.0 

! 


1617 

4.8 

5.4'5.8!6. 2 : 6.4 




857 

5.0 

5.4'5.6i5.8;6.2 






1 1 




1139 

5.2 

5.6'6.06,5;7.0 




Av. 

5.3 

5.45.75.96.5 




1144 

5.4 

5.85.8,6.016.2 





1 


1 




Fic. 1. Graphs Showing Variations in Acidity with DEriii 

- Hagerstown Loam. — — Dekalb Loam. 

- Chester Loam. Conovvingo Loam. 

■' Manor Loam. 
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show a Steady rise from the add side towards neutrality as most previous 
work would indicate but that there is a drop in pH to about 15 cm., rising 
then at lower levels towards the neutral point —a type of curve found by 
Arrhenius at Bahtim, Egypt. This drop is small in limestone soil; in the others 
we find that the successive curves between 0-15 cm. describe as it were an arc- 
somewhat like an opening fan — as the surface soil aridity increases faster than 
that of the subsoil, until the curve shows a steady decrease from surface down- 
wards. In all cases there is a rise of the pH value at lower depths towards 
neutrality; this is markedly so in Conowingo. A general statement, then, 
regarding subsoil acidity can not be made for all but for particular kinds of 
soil, except that at lower depths the reaction approaches neutrality. 

MONTHLY SOIL TESTS 

Values obtained from monthly tests made in the same locality for one year 
are given in table 3. The reader will note that there is no fixed pH value for 
any particular portion of soil, and that the change from the mean is not large. 
It amounts at times, however, to pH 1.0 during the growing season, in the sub- 
soil as well as at the surface, hence the plants growing in these places can not 
be appreciably injured by small variations in acidity. 

It will also be seen that during the late summer, from July to October, there is 
a continual increase in the acidities recorded, except in Dekalb and Conowingo 
for August (these tests were made one week later than the others in that month, 
after a rain storm), and in Manor for September. All tests in September 
were made within two days, after a heavy rain-storm by which Manor loam 
seems to have been differently affected. The three months on the whole 
were marked by a long-continued drought; with coming of late autumnal 
rains the acidity decreased. Then, with coming of freezing, the pH values 
was again lowered to rise once more on thawing; we see in Hagerstown for Feb- 
ruary, while still frozen, a lower pH while the other soils had thawed. 

Under field conditions drying is apparently often accompanied by in- 
creased aridity, but not invariably; thus in Conowingo loam tests made 
after a heavy rain showed increased acidity, whereas drying in the next month 
to a pulverulent powder was accompanied by a decreased acidity. These 
conclusions might be compared with those found by Burgess (3) viz., that 
acid soils were little changed iti aridity by drying in the laboratory. 

DISCUSSION OF RESULTS OF SOIL TESTS 

The significance of the type of curve found is not apparent. From studies 
made in woodlands one might consider that decay and leaching of organic 
acids from leaves and plant debris might cause an arid condition in the subsoil 
while the salts remaining at the surface might cause a lessened aridity (5). A 
recent paper (9) attempts to show that facies of a formation determine the 
reaction of the soil upon which they grow by the different amounts of acid- 
formers liberated from their decaying leaf-litter. 



SOIL ACIDITY, AN ECOLOGICAL FACTOR 


47 


But the same type of curve is found under old sod where there should be 
but little leaching, and in cultivated fields where there should be almost none. 

TABLE 3 

Results of monthly tests , April, 1922~March, 1923 


REACTION AT VARICfCS DIS- 
TANCES FROM SURFACE 


MONTH 1 

Sur- 

15 1 

30 

45 ] 

60 


face 

cm. ! 

cm. 

cm. j 

cm. 


pH 

PR 

pH 

pH 

PH 


Hagerstown loam 


April 

7.0 

6.9 

6.7 

6.6 

6.8 

May 

7.0 

7.3 

7.3 

7.4 

7.5 

June 

7.0 

! 6.6 

6.9 

7.0 

7.1 

July ! 

7.0' 

6.7 

; 

7.0 

7.0 

August 

7.0 

6.6 

6.6 

6.6 

7.0 

September 

6.6 

6.3 

6.3 

6.4 

6.6 

October 

7.1 

6.8 

6.6 

7. o' 

6.9 

November 

7.3 

7.0 

7.2 

6.9 

7.1 

December 

6.4 

6.0 

6.0 

6.0 

6.0 

January 

7.0 


6.8 

6.7 

7.0 

February 

6.8 

6.8 

6.5 

6.6 

6.6 

March 

7.0 

|6.8 

6.8 

6.8 

7.0 


Chester loam 


April 

6.2 

6.0 

j6.3 

6.4 

6.5 

May 

6.8' 

6.2 

6.4 

6.5 

6.4 

June 

6.0 

5.9 

6.2 

6.6 

6.7 

July ! 

6.6 

5.8 

6.1 

6.0 

6.3 

August ' 

6.6 

6.3 

6.1 

6.4 

6.S 

September 

6.0 

5.8i 

6.0 

6.0 

6.1 

October 

6.8 

6.5 

6.7 

6.8 

6.8 

November 

6.7 

6.0 

6.1 

1 6.2 

6.3 

December 

6.1 

5.6 

5.7 

6.3 

6.3 

January 

6.4 

6.3 

5.8 

5.7 

5.8 

February 

7.0 

6.8 

6.8 

6.9 

7.0 

March 

6.9 6.4 

6.6 

6.8 

6.8 


Manor loam 


April 

6 . 3 j 

5.4 

5.6 

5.8 

: 5.8 

May 

June 

6.2 

5.5 

6.0 

6.1 

6.2 

July 

6.4 

5.7 

6.5 

6.6 

! 6.5 

August 

5.6 

5.2 

5.2 

5.0 

5.0 

September 

1 6.2 

^ 5.9 

6.0 

6.2 

6.3 


BEACnON AT VARIOUS DIS- 
TANCES FROM SURFACE 


MONTH 

Sur- 

15 

30 : 

45 

60 


face 

cm. 

cm. 

cm. 

cm. 


pH 

pH 

PH 

pH 

pH 


Manor loam — Continued 


October 

November 

5.6 

5.4 

5.6 

5.7 

5.8 

December 

! 5.5 

5.3 

5.7^ 

5.8 

5.9 

January 

5.9 

5.7 

6.0 

6.0 

6.0 

February 

6.6 

6.2 

6.8 

6.8 

6.8 

March 

6.4 

6.0 

6.2 

6.4 

6,6 


Dekalb loam 


April 

5.8 

5.4 


5.0 

4.8 

May 

5.6 

5.7 

5,6 

6.0 

5.7 

June 

5.4 

5.7 

5.6 

5.4 

5.4 

July 

5.7 

5.3 

5.3 

5.3 

5.5 

August 

5.8^ 

5.9 

5.9 

6.0 

6.2 

September 

5.6 

5.7 

5.4 

5.6 

5.6 

October ; 

5.9 

5.4 

5.8 

5.7 

4.9 

November 

6.1 

6.0 

6.3 

6.4 

6.2 

December 

5.6 

5.1 

5.1 

5.3 

5.3 

January 

5.7 

5.3 

5.4 

5.4 

5.5 

February 

6.1 

5.4 

5.4 

5.6 

5.9 

March 

5.8 

6.0 

6.0 

6.4 

6.5 


Conowingo loam 


April 

5.6 

5.7 

5.8 

6.0 

6.2 

May 

5.5 

5.9 

5.8 

6.0 

6.2 

June 

5.6 

5.4 

; 5.7 

5.7 

5.9 

July 

5.0 

5.5 

' 5.6 

5.8 

6.1 

August 

5.4 

5.8 

1 5.9 

6.2 

6.6 

September 

5.1 

5.1 

5.6 

5.9 

6.1 

October ' 

5.9 

6.0 

6.6 

1 6.0 

■ 6.3 

November 

5.6 

5.8' 

6.0 

6.4^ 

6.5 

December 

5.4 

5.3 

5.2 

5.4 

5.5 

January 

5.0 

4.4 

5.2 

5.4 

5.5 

February 

5.4 

5.0 

5.6 

5.8 

5.8 

March 

5.2 

5.8 

6.0 

6.3 

6.4 


Table 4 gives the averages of results obtained from forty series of tests made 
in open fields immediately adjacent to the wooded areas studied for the soil 
types, made monthly from July to Februar>^ inclusive. 
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The curve might result from chemical reactions and adsorption phenomena 
so that the actual acidity might not appear at the surface^ and in the sub- 
soil acid salts set free from their adsorbed condition by an excess of organic 
acids might be gradually neutralized by basic substances arising from below 
in the ground water. 

From a study of the distribution of microorganisms in the soil as given by 
numbers of workers (7) it seems that in general these are found chiefly in the 
first 16 cm. of soil, with comparatively few below 90 cm. It would seem 
also that bacteria, protozoa and some algae are to be associated with a soil 
reaction near neutrality while fungi are more frequently found under acid 
conditions. It was shown further by Moore (8) that in some soils bacteria 
had been found at the surface whereas fungi were in lower levels of the same 
soil. In the soils studied fungi were practically absent from Hagerstown 
loam, not uncommon in Chester, becoming very abundant in Conowingo 
loam where they formed with roots a dense mycorhizal mass knitting the 
leaf-litter together. While microorganisms may have no relation to soil 

TABLE 4 

Average reaciions of cidiivakd soils 


i 

Surface 

15 Cm. 1 

30 cm. j 

45 cm. 1 

60 cm. 

i 

' PH , 

m 

pu 1 

pu 1 

pu 

Hagerstown 

6.84 

6.62 

6.54 

6,68 

6,77 

Chester 

6.36 

6.06 

6,34 

6,36 

6.44 

Manor 

6.15 

5.92 1 

6.H 

6.26 

6.31 

Dekalb 

5.94 

5.85 

1 5.86 

6,12 

6,25 

Conowingo 

5.84 

6,0.3 

6.06 

6.40 



acidity except as it forms one of the ecological factors to which they are subject, 
an interesting problem is nevertheless opened for investigation. 

RELATION TO ROOT DISTRIBUTION 

Soil acidity affects the plant through the roots and study of root distribution 
is consequently important in any investigation of the effects of hydrogen-ion 
concentration on vascular plants. There have been excellent works on root 
distribution, as that of Weaver (11), who traced out entire root systems with 
the utmost care, finding that herbs and shrubs of the forest floor are relatively 
shallow-rooted, that almost without exception the bulk of the absorbing 
system lies within the surface eighteen inches of soil and that even roots of 
trees have many shallow branches. 

The writer has made some observations on roots of woodland species by 
digging a trench two meters long, a half-meter wide and down to loose rock. 
Study of tree roots is more difficult in order to make generalizations. Numer- 
ous quarrie.^ of the region were studied, where freshly loosened faces are con- 
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stantly exposed, and neatly exhibit the root distribution not only of herbs 
and shrubs but also of trees. Trees of various species uprooted by wind- 
storms were also observed. All observations indicated the same general con- 
clusion, that most of the absorbing system of woodland plants is near the 
surface. It seemed questionable even whether trees in general have deeply 
penetrating tap-roots, and in two soil types they would be practically impos- 
sible since bed-rock occurs within two meters of the surface. 

An example of root distribution under “average” conditions (in Manor 
loam) is shown in figure 2, drawn to scale from a surface exposed by an ex- 
cavation. Most of the absorbing system is within the first 12 cm. with 
another stratum from 30 to 70 cm. and only occasional fibrous roots below, 



Scale: 1 mm. = 2 cm. 


while there is a layer of conducting roots at 15 cm. Absorbing roots would 
seem to be associated here with soil nearer neutrality. Dekalb soil is shallower 
and the root system is more compressed, still more so in Conowingo. In 
Chester and Hagerstown loams apparently absorbing roots are spread deeper 
in the soil. 

Mycorhiza were found abundantly in the lower part of the leaf mold and 
in the soil (of the above example) to a depth of 15 cm. where they formed a 
network of white hyphal strands. Mycorhiza were most abundant in Cono- 
wingo woodland soil, least abundant in Chester and absent from Hagerstown. 
Where they were most abundant the reaction curve showed no depression 
but steady rise from a low pH, a condition found also in sterile pastures. 
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PLANT DISTRIBUTION 

The significance of plants as indicators of soil conditions described by 
different writers from the beginning of such work has been summarized to 
1919 by Clements (4) who has also indicated the relation of various ecological 
factors to plant species. Of these factors, hydrogen-ion concentration is one. 
Various factors have been considered as controlling plant distribution; among 
these relative elevation, degree of shade, slope exposure, soil temperature, 
soil moisture, soil texture, aeration, carbon dioxide and salt content of the 
soil, and soil reaction. One has been stressed at one time at the expense of 
others. In 1920 Arrhenius (1) considered that soil acidity was a primary 
factor and in 1922 Wherry (14) agreed that soil acidity is of fundamental 
importance. It would seem that by interaction of many or all of these factors, 
one of w^hich at some time and in some place may become predominate, there 
results an ecological environment causing a specific plant association.^ 

This idea of the soil as ^‘a living thing” has been emphasized by Professor 
lohn W. Harshberge r, to whom the writer is indebted for advice and help 
during prosecution of this work. 

In studying the ecology of the Paoli region the writer, after familiarizing 
himseh with the flora, undertook quadrat surveys in woods of the various 
soils. A quadrat of 15 meters was chosen since this size is conveniently 
measured and a block of four quadrats corresponds roughly to the 100-foot 
quadrat used by some others. Because the region is undergoing suburban 
change, woodlands often indicate succession stages and quadrat plottings may 
show quite different results. A comparison of a number is therefore necessary 
for an appreciation of the real significance of vegetational distribution on 
that soil. 

Facts as to presence and relative abundance of many species on the soil 
types studied have already been given (6). It is now desirable to present a 
more detailed comparison of the consocies. 

PLANT DISTRIBUTION ON THE SOIL TYPES 

Most productive among the soils, Hagerstown loam is largely under cul- 
tivation and presents but few areas of woods on any but rocky ledges. Here 
Ulmus amerkana^ is the dominant species (with Acer saccharum in one region), 

2 The excellent work of Carsten Olsen in Compt. Rend. Labor. Carlsb., v. 15, no. 1, 192.1, 
did not appear in time to be reviewed in this paper. The writer would call attention, how- 
ever, to emphasis laid upon the necessity of filtration of the soil extract to remove any solid 
particles which might cause adsorption of the indicator, falsifying the result. But might 
not the filter paper introduce as serious an error by adsorption? Tlic paper also shows the 
value of comparing several entirely ditTerent soil types, for two similar habitats on. one soil 
type with the same hydrogen-ion concentration may support the same facies, but two similar 
habitats with the same hydrogen-ion concentration on ditTerent soil types may have quite 
different facies. Hydrogen-ion concentration, then, would not be the controlling factor. 

® All species names are according to the seventh edition of Gray’s Manual. 
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while Fraxinus americana is subdominate and such species as Julians nigra^ 
Fagiis grandifolia, Quercus rubra, Liriodendron tulipijera, Platanus occidentalism 
Prunus Mahaleb are sparse or may form families. These grow in open forma- 
tion, often with an overhead draped and luxuriant growth of Vitis cordifolia 
making a deep shade so that but few of the smaller treec are found, as Celtis 
occidentalis and Prunus virginiana, while saplings of the trees noted above are 
frequently killed. Rkus toxicodendron grows characteristically over ledges and 
forms mats of erect branches on open ground. The bush stratum is almost 
entirely Benzoin aestivalem changing to species of Rubus where there is an 
opening permitting light to strike through. Little leaf-mold is present, leaves 
quickly decay and the soil often becomes dry and pulverulent in late summer. 
There is a sparse ground cover of Geum canadense, Agrimone hirsuia, Solidago 
idmifolia, Aster cordifolia, but on moist shaded (usually north-facing) slopes 
are families of Polystichum acrostichoides, Aspidium marginale, Thalicirum 
dioicunim Hepatica triloba, Cicimijuga racemosa, Cheilidonium majus, Dicentra 
canadensis, Dentaria laciniata, Osmorhiza longistylis, Hydrophyllum virginicum 
and Nepeta kederacea, though Stellaria media frequently forms a wide-spread 
evergreen mat. 

Some of the ledges are occupied by a dense growth of Juniperus virginiana, 
which also occurs scattered in rocky pastures with Crataegus crus-galli. Here 
Aqnilegia cabadensis is typically found on the ledges, and where there is less 
soil, Campiosorus rhizophyllus and Pellaea atro purpurea. Social groups of 
Oxalis strkta Plantago virgimea and Antennaria canadensis grow in dry pastures 
among grasses and sedges. 

Proceeding to Chester loam we find Ulmus americana is still present but 
sparse, and Fraxinus americana is now dominant, succeeding Castanea dentata, 
the blighted chestnut. Prunus Mahaleb and P. pennsylvanicum are frequent; 
Quercus alba, Q. rubra, Q. velutina and Liriodendron are found much as on the 
preceding loam, while species of Cary a are better represented, especially by 
C. ovata. But all of these species grow in rather close formation with abundant 
undergrowth, a second story, of Cor mis dorida and smaller shrubs of Cory- 
lus americana. Benzoin aesUvale and Viburnum moUe. Vilis cordifolia dots not 
form as luxuriant a growth while V. labrtisca is more frequent. 

More leaf-mold is found with occasional mycorhiza, and moisture is better 
retained. There are more species of herbs, these forming a close ground 
cover of Smilacina racemosa, Sanguinaria canadensis, Asarum canadense, 
Podophyllum peltahim and others, later being succeeded by families of Osmunda 
Clayioniana, Collinsonia canadensis and Aster drear icat us. Stellaria media is 
replaced by Galium aparine. 

Moisture is usually well retained by Manor soil of ivoods and there are many 
species, but because of greater sterility these do not have as luxuriant a growth; 
the average rate of growth seems to be less. 

Castanea dentata was once dominant but has been replaced by Carya glabra, 
Liriodendron tulipifera and Quercus alba. The last is most noticeable but not 
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numerically greater; Q. rubra and Q. velutina are less frequent while we see Q. 
prims entering as on the less acid side of its range. Fagus grandifolia 
comes next while Prunus M akaleh is apparently on the acid side of its range. 
As on Chester soil, Cornus fiorida forms the chief part of the second story, with 
Acer rubrum, Sassafras variiJoUufH, Nyssa sylvatica and Prunus virginiana 
sub-dominate. Facies of the third story are Benzoin aestivate and Viburnum 
accrifolium; Viiis cordifolia is still less developed. We see now a true fourth 
story, of Vaccinum pennsylvanicum Rhus toxicodendron and species of Ruhtis, 
Smilax rotwidijolia appears as rather a weak growth. There are many herbs 
as on Chester loam, and there appear ericads, as Pyrola americana, Solidago 
caesia and Aster divaricatus are t3q)ical of the late acstival aspect. 

Phases of Manor loam found in ravines resemble more closely Chester loam 
while on exposed hilhslopes the vegetation is quite different, consisting of sparse 
and often stunted growth of Quercus prinus, Kalmia latijolia, Rhododendron 
nudijlorum and other acid-land plants. This phase has not been considered 
in the study of Manor loam. 

There is a resemblance between this acid hill phase of Manor and the hill- 
side phase of Dekalb loam; the latter also has phases which are more nearly 
neutral, in ravines, but vegetation does not make the same amount of growth, 
the formation is more open, and species are fewer. The soil, being sandy 
with sandy subsoil, does not retain water; an acid leaf-mold is typical, but 
aeration is usually good. In ravines we find Quercus alba and Acer rubrum 
with sparse Liriodendron and Diospyros virginiana ^ and considerable shrub- 
stratum and herbaceous undergrowth. On gentle hillslopes, considered as 
typical Dekalb, Q. alba is still dominant but Casianea dentata was once as 
numerous; Q. rubra, Q. velutina and Carya glabra are sparse. Higher, Poptdus 
grandidentata and more frequently Betida lenta occur. There is no great 
distinction between second and third stories, Cornus fiorida and A cer rubrum 
tending to form shrub-growths while Amelanckier canadensis is a small tree. 
Nyssa sylvatica becomes copious in places. A bush-stratum, chiefly ericaceous, 
occurs while herbs are sparse in scattered families. 

The ericads become more numerous as we ascend, notably Gaylussacia 
baccata, while Smilax rotundifolia becomes copious. Above, on the exposed 
summit of the hill-range, there is an open formation of Quercus prinus, a 
shrub stratum of sparce Kalmia latifolia and patches of Epigea re pens, of 
Poly trichum or Leucohryum. The soil is decidedly more acid than the type ; 
this phase as well as the ravine have not been included in the tabulated results. 

From this soil we pass to Conowingo where in the true type bed-rock comes 
almost to the surface. On this shallow soil, moist in spring, baked in summer, 
is found Nosioc while the rocks are damp, and fruiting Cladonias, while later 
Cerastium vehtinum, Arabis lyrata and Thalinum teretifolium bloom. Open 
spaces may be bare in part but are usually covered with Andropogon scoparius, 
Paspdum puhescens, Phlox stiblata and Aster depauper atus. On the barrens 
Pinus virginiana and Quercus stellata replace it. 
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Conowingo clay has been treated as the type in this paper; it covers a larger 
area than the barrens. The soil is a light powder when dry, into which water 
does not penetrate readily; beneath is a stiff clay. Leaves do not decay 
rapidly and the partly decomposed remains are knit by hyphal strands ; mycor- 
hiza are abundant. Fruiting bodies of species of Clavaria and of Fistulina 
hepatica are found while on logs are bracket fungi, — not the Myxomycetes 
and Gasteromycetes of moisture situations, as of Chester loam and ravines 
of Manor loam. 

Plant growth is slow and species are not numerous, Quercus alba is dom- 
inant with Fagus sub-dominant, the trees never reaching a large size. Other 
trees as Acer ruhrwn and Nyssa sylvatica are slender but not clumped. There 
is practically no shrub stratum, as we found also in dry phases of Hagerstown 
loam, but plants representing the fourth story of Manor loam are numerous, 
being ericaceous. In the acid leaf-mold may be found families of Milchellia 
repens, orchids {Cypripedinm acaule) and ericads as Chimaphila maculata. 
This undergrowth is less than two feet high and the woods are open. Quadrat 
surveys for density of species do not give a true idea of the vegetation for 
some plants are as numerous as on other loams, but are dwarf in size so that 
the total weight of vegetation per quadrat may be but a third of that on 
better soils. 


CONCLUSIONS 

Soil-acidity is one of the ecological factors in plant growth. It apparently 
has a difference significance for different species, and is possibly never the 
independently controlling factor. Its exact effect on the plant and the way 
in which it exerts this effect is still unsettled. 

While different soil types, covered by the same (deciduous forest) formation, 
show different facies’, this seems due to a combination of factors, of which 
available soil moisture is not an inconsiderable one. 

SUMMARY 

In order to determine the actual soil acidity in a small area throughout the 
year, with its effect on root distribution and the ecological distribution of 
wild plants, an intensive study was made of a region about Paoli, Pennsyl- 
vania, in Chester County, including five soil tjqies. Borings were made with 
a soil auger and the samples thus obtained were tested colorimetrically. 

Tests showed that the acidity increases to a depth of about 15 cm. after 
which it decreases, the increase being greatest in the most sterile soils. Soil 
acidity seems to be correlated with the productiveness of the soil. Monthly 
tests reveal that there are slight variations from time to time in the soil acidity 
of a given spot, and that plants growing here cannot be sensitive to small 
variations in the acidity. Excessive drying, as in drought, was usually accom- 
panied by an increase in acidity, while heavy rains lowered it; acidity was also 
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increased during freezing. Decay and leaching does not offer a sufficient 
explanation for the type of curve found, for the same t 3 ^e was found in agri- 
cultural soils. 

Absorbing roots were found chiefly in the least acid portions of soil, asso- 
ciated with fungi as mycorhiza in the top 15 cm. of the more acid soils, the 
mycorhiza becoming less abundant in the more nearly alkaline. 

Descriptions of consocies of the soil types are given, indicating a correspond- 
ence between not only the facies, but the whole flora, and its habitat. 
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A number of investigators have observed a definite parallelism between 
the nitrifying capacity and the crop-producing power of the soil, both by the 
use of the Remy-Lbhnis liquid culture method and the fresh soil (or tumbler 
method). We need call attention only to a few of the outstanding and some 
of the more recent contributions to this subject. 

Lohnis (23) following the work of Remy obtained definite differences in the nitrifying 
powers of soils bearing uRon crop production. A standard solution to which soil extract has 
been added was used in these studies. Keilerman and Allen (15) demonstrated in 1911 that 
a close correlation exists between the nitrifying capacity of soils In arid regions and produc- 
tivity. The relative nitrifying power of very productive soil was found to be 54; of productive 
soils, 20-36; and of poor soils only 3-5. Greaves (10) found a nearly quantitative relation- 
ship between the number of colonies developing on the plate, milligrams of nitric nitrogen 
formed and nitrogen fixed in cultivated and virgin soils. A correlation between nitrification 
and soil productivity has also been found by Gutzeit (12), Vogel (29), Brown (3), Noyes and 
Conner (24), Lipman, C. B. (19), and others, while a close correlation between a high nitri- 
fying power and high productivity has also been observed by Ashby (2), Stevens and Withers 
(28), Given (9), and Gainey (7). Burgess (4), using the soil method, reported that nitrification 
is by far the most accurate biological soil test yet perfected for predicting probable fertility. 
Fischer (5) stated that nitrification can be used for soil characterization. Fraps (6) pointed 
out that the nitrification test enables one to trace the effect of cropping upon the nitrogen of 
the soil; ammonia determinations, however, give no increased correlation over the deter- 
minations of nitric nitrogen alone. Numerous other observations have been made as to the 
value of nitrification studies in characterizing soiJ fertility, including also forest soils. This 
biological phenomenon can also be used to indicate a distinction between available and 
unavailable nitrogen, as pointed out by Lipman and Burgess (20, 21). 

In some cases, however, the correlation is questioned. Allen and Bonazzi (1 ) , for example, 
found that the nitrifying capacity of a soil may or may not correlate \rith its crop producing 
power, while continuous cropping, especially without fertilization, reduces the nitrifying power 
of soils. Gerretsen (8) questioned the importance of nitrification as an index of soil fertility, 
although the two were found to run parallel. The lack of correlation between soil productivity 
and its nitrifying capacity as reported in some cases may be due merely to the faulty method 
used in determining the latter. 

As pointed out in the previous paper of this series (32), when ammonium sulfate is used for 
the study of nitrification in soil, especially in the case of acid and poorly buffered soils, the 
hydrogen-ion concentration resulting from the oxidation of the ammonium salt used in the 

’ Paper No. 133 of the Journal Series, New Jersey Agricultural Experiment Stations, De* 
partment of Soil Chemistry and Bacteriology. 
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test soon reaches a maximum for the growth and activities of the nitrifying bacteria. Accord- 
ingly, when we compare two soils of nearly equal productivity, of which one has received an 
application of lime while the other has not, the former will show a much higher nitrifying 
capacity. This difierence is due merely to the inadequacy of the common method in which 
an excess of the ammonium salt is used- This was recognized by Allen and Bonazzi (1), 
who stated that the customary methods used in studying nitrification are so fraught with 
errors that we can never hope to solve by them the complex problems encountered. Stevens 
and Withers (27), for example, reported that 71 per cent of the North Carolina soils do not 
nitrify. KcUerman and Robinson (17), however, observed a definite correlation between 
poor nitrification, acid reaction of soil and lack of nodule formation. 

When dried blood or other highly concentrated organic nitrogenous substances are used in 
the nitrification tests, results may again be faulty, particularly in alkaline, poorly buffered 
soil, due to the large amount of dried blood usually used in the test. The excess of ammonia 
formed, from the decomposition of the dried blood, in the absence of sufficient buffer or acid 
substances to neutralize it, will injure greatly the activities of the nitrifying bacteria. Lipman 
and Burgess (20), for example, found that semi-arid humus-poor soils do not nitrify dried 
blood which might lead to the conclusion that the use of dried blood as a fertilizer on those 
soils is inadvisable. Kelley (18) soon pointed out that when, instead of 1 per cent of dried 
blood, this material is added in low concentrations, the same soil will nitrify it very actively, 
Kelley concluded, therefore, that results obtained with the use of such high concentrations as 
1 and 2 per cent of dried blood or 0.3 and 0.6 per cent of ammonium sulfate, are not a reliable 
basis for practical conclusions. 

Because of the lack of the proper method for studying nitrification, Kelley (18) stated that, 
‘‘the practical aspects of nitrification studies have become extremely empirical.’' 

The influence of reaction upon nitrification can, therefore, account for a good many results, 
in which a lack of correlation between nitrification and soil productivity has been recorded. 
We need but refer here to the work of Wohltmann and associates (34), who found that while 
the addition of CaO to an acid soil increased its nitrifying capacity (using the soluton method) 
from 14.1 to 84.7 per cent, the application of manure increased nitrification from 14.1 to 36.1 
per cent; (NH 4 ) 2 S 04 to 23.0 per cent; NaNOj, to 31.9 per cent, KjO and PjOj to 17.8 per cent. 
The lack of parallelism between nitrification and crop productivity of soils having different 
reactions particularly when ammonium sulfate is used as the source of nitrogen, is due to the fact 
that the amount of nitrate formed, under laboratory conditions, is governed by the initial and 
final soil reactions, as well as presence of bases and buffer content, rather than by the actual 
nitrifying capacity of the soQs, as pointed out elsewhere (32). It is only wffien the reactions of 
two or more soils are alike, that nitrification can be compared with soil productivity. Even 
then we should consider the buffer and base content of the soils. 

Stevens and Withers (28) have shown that legumes and stable manure increase the nitrify- 
ing efficiency of soils. The favorable influence of manure on nitrification has also been pointed 
out by Hemze (14), Greaves and Carter (11) and various other investigators. According to 
Guistlniani (13), nitrification of ammonium sulfate is proportional to moisture content of tlie 
soil. Cultivation of soil and addition of organic matter stimulate nitrate formation in soil, 
as shown by Noyes and associ? tes (25). 

Just as in the study of the variability of soil as far as the distribution of numbers of micro- 
organisms are concerned, the variability of the nitrifying capacity of the soil should be con- 
sidered. Waynick (33) found that the variability of the nitrate content of field samples of 
soil taken even from an apparently uniform and limited area is high and is of great importance 
in the estimation of the reliability of any series of results. The variability is still further 
increased when the samples are treated by the tumbler method for nitrification studies. A 
single sample was found to be of little value and even a limited number of samples (10 to 16) 
are subject to wide variations and can give results having only a low degree of accuracy. A 
composite j>ample may be considered of value only after the probable error has been deter- 
mined by the use of a large number of individual samples. Prince (26) compared, at this 
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laboratory, the variability of the nitrate content and nitrifying capacity of the soil in plots 
5A, 7A and 9A, which are described below. Taking twenty-five samples from each plot, he 
found the coefficient of variability to range between 13 and 42 per cent and the probable error 
of the mean from 2 to 5 per cent. He found a definite correlation between the crop yields of 
the three plots with the number of microorganisms and the nitrifying power of the soil. 

e^Tperimental 

Methods 

The following methods were used for the study of nitrification in an attempt 
to learn whether there is a definite correlation between the nitrifying power of 
a soil and its crop producing power. 

1 . Nitrification in pure sand, 100 gm. of pure washed sand and 210 mgm. of CaCOa 
were placed in 250 cc. Erlcnmcyer flasks and moistened with 10 cc. of distilled water or 
with a solution containing 1 gm. K 2 HPO 4 , 0.5 gm. MgSO^ and 0.01 gm. FeSO^ n 1000 cc. 
of distilled water; the flasks were plugged with cotton and sterilized in the autoclave, at 15 lbs. 
for 1—2 hours. To each flask were added 5 cc. of a sterile solution of ammonium sulfate equiva- 
lent to 30 mgm. of nitrogen. For the inoculation 10 gm. of soil per flask was used. The 
flasks are then incubated at 27-28‘’C. for 30 days. This method, just as in the case of the 
solution methods, Is more qualitative than quantitative in nature. The results are apt to be 
erratic and vary greatly. They are, therefore, more indicative of the activity of the nitrifying 
flora of the soil than of the nitrate-forming capacity of a given soil itself. 

2. Nitrification of soil's own nitrogen. 100-gm. portions of fresh, sieved soil were placed in 
tumblers, covered with petri dishes and kept at an optimum moisture in the incubator for 30 
days. 

3. Thirty milligrams of nitrogen as ammonium sulfate per 100 gm. of soil, and treated as 2, 

4. Thirty milligrams of nitrogen as ammonium sulfate and 210 mgm. of CaCOs per 100 gm. 
of soil. The carbonate is first well mixed with the soil, then the ammonium salt is added. 
A 21-to 24-day incubation period is sufficient for this test. 

5. Dried blood (0.25 gm.) was well mixed in with 100 gm. of fresh sieved soil, kept at opti- 
mum moisture in the incubator for 15 days; then the ammonia and nitrate are determined. 

As pointed out in the previous paper (32), each one of these methods contributes informa- 
tion necessary for a complete picture of the nitrifying capacity of the soil. This is particularly 
true of method 4, where the nitrifying capacity of ammonium sulfate is studied in the presence 
of sufficient CaCOj to neutralize all the acid formed from the complete nitrification of the 
ammonium salt. 

The nitrates were determined by the phenol-disulfonic acid method. Fifty grams of soil 
were shaken with 200 cc. of water for about 10-15 minutes in 500-cc. Erlenmeyer flasks, in the 
presence of a small amount of CaO and filtered through paper. Twenty cubic centimeters of 
the filtrate were evaporated and treated as usual. The data for nitrification are always given 
on the basis of milligrams of nitrate nitrogen in 100 gm. of soil. 

Soils 

The same series of nitrogen plots used in the previous studies (30, 31) were also used for 
the study of nitrification in the following experiments. The soils were sampled with a borer 
to a depth of 6.5 inches; 15-25 samples were taken from each plot. The samples were well 
mixed and sieved through a 3 or 5 mm. sieve. Approximately 60 per cent of the moisture- 
holding capacity of the soil was used since this was considered an optimum moisture content. 
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Variability of nitrate content of the soils studied 

Plot 9A receiving minerals and 320 pounds of NaNOj per acre was sampled 
for the study of nitrate distribution, Fifty-one samples were taken from this 
plot which is 1/20 of an acre in size. The samples were taken in rows, about 
equal distance both ways, the outside rows being about three feet from margin 
of plot. The results are reported in table 1. 

TABLE 1 


Residual nilrale in soil PA 


SAMPLE NUMBER 

NITRATE 

NITROGEN 

DEVUTION 
FROM MEAN ± 

SAMPLE NUMBER 

[ 

NITRATE 

NITROGEN 

DEVIATION 
FROM MEAN ± 


msm. 

mgm. 



mim. 

1 

0.65 

0.08 

29 

1 1.07 

0.34 

2 1 

1,10 1 

0.37 

30 

! 0.21 

0.52 

3 1 

1,56 , 

0.83 

31 

i 0.32 

0.41 

4 1 

0,92 

0.19 

32 

1 1.25 

0.52 

5 1 

0,96 

0.23 

33 

0.33 

0.40 

6 1 

0,63 

0,10 

34 

1.54 

0.81 

7 1 

0,86 

0.13 

35 

0.32 

0.41 

8 i 

0,58 

0.15 

36 

0.27 

0.46 

9 

1.10 

0.37 

37 

0.38 

0.35 

10 

0.65 

0.08 

38 

0.42 

0.31 

11 

1,25 

0,52 

39 

0.45 

0.28 

12 

1.05 

0.32 

40 

0.47 

0.26 

13 

0.42 

0.31 

41 

i 1.42 

0.69 

14 

0.51 

0.22 

42 

I 0.86 

0.13 

15 

0.48 

0.25 

43 

! 0.53 

0.20 

16 j 

0.60 

0.13 

44 

' 1.11 

0.38 

17 

0.83 

0.10 

45 

0.35 

0.38 

18 

0.43 

0.30 

46 

i 0.39 

0.34 

19 1 

0.46 

0.27 

47 

1.26 

0.53 

20 

0.95 

0.22 

48 

0.75 

0.02 

21 

0.96 

0.23 

49 

0.28 

0.45 

22 

1.28 1 

! 0.55 

50 

0.58 

0.15 

23 

0.49 

' 0.24 

51 

0.17 

0.56 

24 

0.65 

0.08 




25 

1.02 

0.29 

Mean 

0.73 =t 0.03 

0.32 

26 

0.44 

0.29 

a 

= 0.35 0.02 

27 

0.41 

0.32 

C,v. = 47.9-t 2.9% 

28 

1.08 

j 0.35 

1 Km = 4.5% 



As the average of 61 determinations, the soil in the nitrate- treated plot 
contains 0.73 mgm, of nitrate nitrogen in 100 gm. of soil or approximately 14.6 
pounds per acre. The range is, however, between 1.6 and 30.8 pounds. It is 
interesting to note that Waynick (33) found by determining the nitrate nitro- 
gen in 100 samples of a California soil 2.10 db 0,05 mgm. in the surface soil and 
0.70 ±0.03 mgm. in the subsoil, with an average error for the latter of 4.3 per 
cent. In other words, the amount and variability of the nitrate nitrogen in 
the plot examined is similar to that found by Waynick in the California 
sub-soil. 
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To compare the influence of the period of incubation upon nitrate accumula- 
tion in the variously treated soils from organic and inorganic sources of nitro- 
gen, a series of tumblers were prepared using dried blood and ammonium sul- 
fate. At definite intervals, two or three tumblers were taken out for the 
determination of nitrate, reaction and, in the case of the dried blood, of am- 
monia. The latter was done with the idea of demonstrating whether the for- 
mation of ammonia in the decomposition of the proteins ever becomes a limit- 
ing factor to nitrification. A large quantity of the protein source (1 per cent) 
was used in this experiment so as to have an excess of ammonia present. 

As seen in table 2, ammonia formation from dried blood never becomes a 
limiting factor in the process of nitrification, at least for the soils used in 
these experiments. Nitrate accumulation depends, however, on the buffer 
content and the initial reaction of the soil. The results obtained after 15 
and after 41 days are distinctly different for the variously treated soils. While 
the course of nitrate formation was uninterrupted in the case of the manured 
soils (SA and 5B) and also in the case of the most acid plot (HA), it rapidly 
came to a stop in the case of the limed andpoorly buffered soils. The explana- 
tion to that is found in the columns which give the hydrogen-ion concentrations 
of the soil i.e., the excess of ammonia brought about a rapid increase in the 
alkalinity of the soil, which completely depressed nitrate formation. It is 
interesting to note that out of a total of 125 mgm. of nitrogen added to the soil 
(the dried blood containing 12.5 per cent nitrogen), nearly 121 mgm. were 
converted into ammonia and nitrate by the most fertile soil (5A); this, of 
course, includes about 10 mgm. that would have accumulated otherwise in 
the soil itself. 

The results obtained with ammonium sulfate again show that the limiting 
factor is not the biological flora of the soil, but the initial and final reactions 
as well as the buffer content of the soil. These phenomena have been con- 
sidered in detail in the previous paper and need not be dwelt upon here longer. 

The soils were sampled five times during the year 1922-1923 and the nitri- 
fying capacity tested by the different methods. The results on nitrate accumu- 
lation are given in tables 3-7, while the bacterial numbers for the correspond- 
ing dates are reported in table 8. A summary of the treatment, crop yields, 
bacterial numbers and nitrifying capacity of the various plots are given in 
table 9. 

The results indicate that there is a definite correlation between the nitrify- 
ing capacity of a soil and crop productivity, especially in soils not modified 
by the application of lime. The nitrifying capacity of the soil depends on the 
physical, chemical and biological conditions of the soil, the most important 
of the physical and chemical factors being the buffering properties of the soil, 
hydrogen-ion concentration, presence of lime and perhaps of soluble phosphates 
and other minerals. The number and efficiency of the organisms oxidizing 
ammonia to nitrates, as well as the amount of nitrate removed by soil fungi 
and bacteria, account for the biological efficiency of a soil to accumulate 
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TABLE 3 

Nitrification of ammonium sulfate in sand plus CaCOz 


PLOT NUMBER 

JUL^ 10, 1922 

DEC. 6, 1922 

APR. 3, 1923 

average 


mim. 

msm. 

mim. 

mim. 

SA 

2.80 

1.35 

0.72 

\ 1.62 

7 A 

0.21 

0.14 

0.09 

0.14 

9A 


0.68 

0.20 

0.44 

11 A 

0.44 

0.40 

0.12 

0.32 

19 A 


0.22 

0.15 

0.19 

5B 


4.30 

0.65 

2.48 

7B 

0.94 

0.21 

0.51 

0.55 

11 B 

2.20 

1.30 

0.26 

1.25 

19 B 


0.56 

0.30 

0.43 


TABLE 4 

Nitrification of soiVs own nitrogen 


PLOT NUMBER 

JULY 10, 1922 

AUG. 17, 1922 

DEC. 6. 1922 

APR. 3, 1923 

average 


mim. 

rngm. 

rngm. 

mim. 

mgm. 

5 A 

2.50 

1.24 

0.98 

2.30 

1.76 

7 A 

0.38 

0.48 

1 0.52 

0.70 

0.52 

9 A 


0.84 

1 0.74 

1.25 

0.94 

11 A 

0.84 

0.52 

0.78 

1.05 

0.80 

19 A 


0.76 

0.74 

1.05 

0.85 

5B 1 



0.72 

1.90 

1.31 

7B 1 

0.60 

0.58 

0.26 

i 0.75 

0.55 

IIB 

0.94 ^ 

0.22 

0.58 

0.90 

0.66 

19 B 


0.96 

0.48 

1.30 

0.91 


TABLE 5 

Nitrification of ammonium sulfate in soil* 


PLOT NUMBER 

MAY 22, 1922* 

JULY 10, 1922* 

AUG. 17, 1922 

DEC. 6, 1922 

APR. 3, 1923 

AVERAGE 


mgm. 

mim. 

rngm. 

mgm. 

mgm. 

mgm. 

5 A 

4.30 

5.20 

3.90 

3.90 

3.80 

4.22 

7 A 

0.56 

0.38 

0.37 

0.41 

0.50 

0.44 

9 A 

4.80 

4.90 

3.10 


3.60 

3.90 

11 A 

0.50 

0.76 

0.49 

0.53 

0.30 

0.52 

19 A 

1.60 

1.72 

0.94 

0.82 

1.20 

1.26 

5B 

12.40 

11.60 

10.70 

7.80 

7.20 

9.94 

7B 

7.20 

6.20 

8.60 

4.10 

4.10 

6.04 

11 B 

3.80 

3.80 

6.10 ! 

2.90 

2.90 

3.90 

19 B 

10.40 

8.90 

9.20 1 

5.00 

5.20 

7.74 


* Incubation period for samples taken May 22 and July 10 was 30 days; for the rest, only 25 
days. 
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TABLE 6 


Nilrificaiion of ammomim sulfate, in presence of a theoretical amount of CaCO^ 


PLOT iVL'MBER 

JULY 10, 1922* 

ACG. 17, 1922 

AUG. 30, 1922 

U£C. 6, 1922 

APR. 3, 1923 

AVERASK 


tngm. 

mgm. 

mgm. 

mgm. 

^ mgm. 

mgm. 

5 A i 

24.40 1 

33,40 

30.40 , 

17.40 

23.20 

25.76 

7 A i 

7.60 i 

7.10 

* 5.20 1 

4.30 

6.80 

6.20 

9 A 1 

22.10 i 

23.20 

' 19.60 1 

13.70 

19.60 

19.64 

11 A i 

3.10 

11.40 

4.40 

6.90 

7.80 1 

6.72 

19 A 

7.90 

11.80 

6.60 

6.50 

9.90 j 

8.54 

5B 

30.90 

30.80 

29.60 

1 23.30 

29.40 1 

28.80 

7B 

16.95 

: 26.10 

25.80 

! 15.20 

20.20 1 

20.85 

11 B 

26.60 

32.20 

22.60 

* 19.30 

25.30 

25.20 

19 B 

24.20 

28.60 

29.60 

1 19.60 

1 

26.30 i 

25.66 


* 50 mgra. of nitrogen used in this case. 


TAR IE 7 

Nilrificaiion of dried Mood (0.25%) in the soil 


PLOT > UMBER 

JULY 10, 1922* 

AUG. 17, 1922 

AUG. 30, 1922 1 

DEC. 6, 1922 

APR. 3, 192.3 

AVERAGE 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

5 A 

24.40 

10.20 

7.60 , 

6.40 j 

6.10 

10.94 

7 A 

7.20 

2.40 

2.00 1 

2.30 1 

1.60 

i 3.10 

9 A 

17.20 

6.00 

7.40 , 

5.30 

5,10 

! 8.20 

11 A 

5.00 

2.20 

1 1.20 1 

2.40 1 

1.50 

i 2.46 

19 A 

8.60 

2.80 

' 2.40 

3.10 , 

2.50 

1 3.88 

5B 

25.30 

19.20 

15.00 j 

15.10 

14,60 

' 17.84 

7B 

18.30 , 

13.60 

8.40 

9.40 

7.10 

! 11.36 

11 B i 

21.20 

i 15.40 

11.60 1 

10.60 

5.00 

! 12.76 

19 B 1 

1 

■ 20,10 1 

' 1 

' 17,00 

10, SO 1 

1 

8.90 1 

1 

10.70 

13.50 


* Incubation period 25 days for July 10 sampling and 13-15 days for the other dates. 


TABLE 8 

lumbers of inicroorganisms in the soil (fhousands per gram) 


PLOT NUMBER 

JULY 10, 1922 

AUG. 17, 1922 

AUG. 30, 1922 

)H-C. Cl, 1922 

APR. .3, 192.5 

AVERAGE 

5 A 

16, 660 

8.890 

14, 500 

15, 540 

14, 000 

13, 920 

7 A 

6, 180 

5, 430 

6, 800 

3, 000 

5, 300 

5, 342 

9 A* 


10, 600 

13, 250 

8,800 

11,700 

11,088 

11 A 

5, 540 

7, 600 

.5, 100 

5, 100 

4, 400 

5, 548 

19 A 

! 

6, 770 

9, 440 I 

4, 800 

7,900 ; 

7,228 

5B 

i 13, 560 

^ 8,410 

11,600 

1 10,800 

14,600 , 

11,794 

7 B ' 

1 8, 600 ^ 

8,110 . 

7,200 

' 6, 500 i 

9, 600 

1 8, 062 

11 B 

10, 700 1 

9, 260 1 

8, 350 i 

' 6, 600 ; 

9, 500 , 

i 8, 883 

19 B 

1 j 

9 , 500 j 

1 9, 600 1 

’ 7, 700 

' 12,000 

9, 700 


* Attention should be called here to an unpardonable error that has crcijt into the 
graph of the third jjaper of lliis scries (30) where 911 should read 9A. 
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nitrates. It is important to note that here again, even more than in the case 
of numbers, the addition of lime to the soil brought about a greater stimulus 
to the nitrifying efficiency of the soil than in crop productivity. This is due 
chiefly to our methods of studying nitrification, whereby amounts of nitrogen 
sources are added to the soil much in excess of what would be used under field 
conditions. Under these artificial conditions, where acids are formed from 
the oxidation of the ammonium salt by organisms which are rather sensitive 
to an excess of acid, it is but natural to expect that the addition of lime to the 
soil will favor the process of nitrification in the laboratory, independent of 



its actual effects under field conditions. It is sufficient to inspect table 4 to 
find that no more nitrate will accumulate in the soil, without any addition of 
an excess amount of nitrogen, in the limed than in the unlimed soils. We can 
expect a more accurate correlation and the elimination of the disturbing in- 
fluence of hming of soil only after we have developed our methods to an extent 
as to have laboratory conditions absolutely comparable with phenomena 
taking place in the field. 

The graphs in figure 1 show conclusively that there is a correlation between 
the crop productivity of the soil on the one hand and numbers of microbrgan- 
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isms and nitrifying capacity of the soil on the other, allowing for the disturbing 
influence of liming of an acid soil. The fertility of a soil is affected not only 
by its biological phenomena but also by its physical and chemical conditions, 
especially by the amount of fertilizing elements present in the soil or added 
previous to, or during the process of growth, as well as by the kind of crop 
grown. We cannot expect, therefore, that the results of a biological study of 
soil, especially if not all activities are concerned and properly interpreted, 
should give an exact mathematical interpretation of the productive capacity 
of the soil. It is sufficient to point out the parallelism. This combined with 
our knowledge of the physical and chemical nature of the soil can explain the 
productivity of the soil. 


SUMMARY 

In the study of soil microbiological methods as a possible means of measuring 
the present and future crop-producing power of soils, certain relations and 
tendencies are clearly indicated. Soil microbiological research has not yet 
gone far enough to justify our using any soil microbiological factor as an index 
of soil productivity. Nevertheless, the author feels justified in pointing out 
that the data submitted in the present paper together with those published 
previously bring out certain correlations, which may help in time to place in 
our hands quantitative as well as qualitative methods for measuring the pro- 
ductive power of soils. 

The results presented in this paper on the nitrifying power of the soil indicate 
that nitrification studies can yield information for the differentiation of soil 
fertility just as well as the study of numbers of microorganisms in the soil. 
Liming of the soil stimulates the nitrifying capacity of the soil and affects, 
therefore, the parallelism between the results obtained in the laboratory from 
the study of nitrification and crop yields. However, since soil fertility is 
affected, aside from the biological activities of the soil, also by its physical 
and chemical conditions, the results should not be expected to be a mathemati- 
cal function of crop productivity of a given soil. 

It is necessary to add here a further word of caution, so as to prevent any 
misunderstandings that might have arisen from the studies reported in these 
papers. The results of the investigations thus far reported indicate that a 
study of numbers of microorganisms in the soil and of nitrification yield re- 
sults which can be used as indices of soil fertility; it is questionable whether 
ammonia formation in either soil or solution can be used for that purpose. 
It is important to keep in mind that these studies have been carried out with 
one soil type (Sassafras gravely loam), slightly acid in reaction (uncultivated, 
about pH = 6.0 to 6.2), divided into a group of plots which have been fertilized 
alike for a number of years. The differences thus established are due to 
differences in treatment. It remains to be seen whether the same results 
will be obtained when various soil types are employed. 
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In a recent paper Sanford (1) indicates that soil reaction may not be the 
most important factor in influencing the development of common scab of 
potatoes. He shows that with an increase in soil moisture content there was 
a decrease in the amount of infection on the tubers and as a result of hydrogen- 
ion determinations made of the soils of various moisture content, he found that 
the dry soils were slightly more acid than the moist soils and concludes that 
moisture and not acidity was the controlling factor. The differences in the 
pH values of the dry and moist soils were very slight, however, and in every 
case the values indicated were within the limiting range for the best develop- 
ment of A ctinomyces scabies. 

As the result of a series of potato scab control and infection studies conducted 
during the past three years at the New Jersey Agricultural Experiment Sta- 
tions, considerable data has been accumulated on the relation of the scab 
organism to soil conditions. The weather conditions, especially rainfall, have 
been widely different in these three years. In 1920 the rainfall was well 
above the average and in 1922 slightly above the average, while in 1921 it was 
below average. In 1920 the mean rainfall for the state for the months of 
April to September inclusive, was 29.21 inches, for the same months in 1921 
and 1922, 21.26 inches and 24.78 inches respectively. The 34-year average 
for these months was 24.4 inches. In 1921 there were only 6.85 inches of rain 
in the months of June and July as compared with 11.94 and 12.10 for the 
corresponding months in 1920 and 1922. The temperatures for these periods 
were not far different, the mean for the state for the months of June to Sep- 
tember inclusive was 69.8°F. in 1920 and 71.7“ and 70.5“ for the same months 
for 1921 and 1922. 

A series of field tests started in 1920 was continued in 1921 and 1922 to de- 
termine the residual effect of sulfur applications on both the yield of potatoes 
and the control of scab. The soil on which these tests were conducted is a 
sassafras loam which in 1919 had grown a crop of potatoes so scabby as to be 
almost entirely unsalable. A section of this field was divided into eightieth- 

^ Paper No. 132 of the Journal Series New Jersey Agricultural Experiment Stations 
Department of Plant Pathology. 
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acre plots. In every case the sulfur applications were made just before the 
crop was planted. Soil samples were taken in the spring and fall of each year 
and their hydrogen-ion concentration determined. The results of one of these 
tests is presented in table 1. The figures given in the table represent the 
average of six untreated and three sulfured plots. 

From the table it will be seen that the yield in 1921 on both the treated 
and check plots was greatly reduced as compared with that of 1920 and 1922. 
This decrease was the result of the dry season. 

It will be observed likewise that scab was much more severe in this than in 
the other two years. In this connection it is interesting to note that on the 
untreated plots the number of unsalable tubers increased with a decreased 
rainfall. In 1920, 76,3 per cent of the crop was unsalable as compared with 
87.2 and 99.3 per cent in 1922 and 1921. It will be recalled that the rainfall 
for the summer months in these three years was 29.21, 24.78 and 21.26 inches 
respectively. This is in entire accord with Sanford’s conclusion that soil 


TABLE 1 

Relation of rainfall and soil acidity to the development of potato scab 


VEAR , 

TREATMENT 

RAIN- 

FALL 

APRIL- 

SEPTEM- 

BER 

YIELD 

PER 

ACRE 

CLEAN 

TUBERS 

SALA- 

BLE 

TUBERS 

UNSALA-' 
: BLE 
TUBERS ! 

REAC- 

TION 



in. 

bu. 

percent 

percent 

Percent \ 

pn 

1920 

Check 

\ 29.2i 

238.1 

1.6 , 

22.2 

76.3 

6.8 

1921 

Check 

' 21.26, 

77.0 

0.0 

0.7 

^ 99.3 

6.4 

1922 ' 

Check 

1 24.78 

230.7 

0.0 : 

12,5 

87.2 

6.7 

1920 

600 lbs. inoculated sulfur 


226.2 

64,7 

25.7 

9.5 

4.8 

1921 

300 lbs. Inoculated sulfur 


77.6 

10.4 

48.9 

40.7 

4.8 

1922 

600 lbs. inoculated sulfur 


250.6 

79.4 : 

19.1 

1.5 1 

4.2 


moisture is an important factor in determining the severity of scab. These 
differences in the amount of scab were apparent despite the fact that, in the 
case of the check plots, the mean hydrogen-ion exponent values were slightly 
lower in 1921 than in the other two years, and on the sulfur plots the mean 
values in 1920 and 1921 were identical. 

A consideration of the hydrogen-ion concentration values of the soils from 
treated and untreated plots indicates, however, that soil moisture is by no 
means the only contributory factor. In 1921 the mean pH value of the check 
plots was 6.4 and on these 99.3 per cent of the crop was unsalable. On the 
other hand, on the sulfur plots, with a pH value of 4.8, only 40.7 per cent 
of the tubers were unsalable. This difference, amounting to 58.6 per cent in 
the number of unsalable tubers must be attributed to the differences in acidity 
since, as these plots were adjoining, it may be assumed that there was little 
variation in soil moisture content . The same relation holds for 1920 and 1922. 
In these two years still greater decreases were recorded in the number of 
unsalable tubers on the treated as compared with the untreated plots. 
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The relation of soil acidity and moisture to scab infection is still further 
apparent from a consideration of the data from the sulfur plots in 1920 and 
1922. In the former year 64.7 per cent of the crop was free from scab as 
compared with 79.4 per cent in 1922. In this case the recorded differences 
in the number of clean potatoes cannot be attributed to any difference in soil 
moisture content since in 1920 the rainfall in the summer months was 4.43 
inches greater than in 1922. 

From table 1 it will be observed that the pH values of these plots was 4.8 
in 1920 and 4.2 in 1922. In this instance the decrease in the number of scabby 
tubers must be attributed to an increase in soil acidity and not to a lessened 
soil moisture content. 

In a second test conducted in this same field, a similar relation was found to 
exist between acidity and scab infection. The results of this test are pre- 
sented in table 2, the figures given representing averages of 6 check and 3 
treated plots. 


TABLE 2 

Injluence of rainfall and soil acidity on the development of potato scab 


YEAR 

TREATMENT 

RAIN- 

FAtL 

APRU- 

SEPTEM- 

BER 

YIELD 

PER 

ACRE 

CLE.AN 

TUBERS 

SALA- 

BLE 

TUBERS 

UNSALA- 

BLE 

TUBERS 

REAC- 

TION 



in. 

bu. 

per cent 

per cent 

Percent 

! PB 

1920 ! 

Check 

29.21 

209.1 

15.2 

28.0 1 

'[ 51.0 

1 6.7 

1921 

Check 

' 21.26 

127.6 

0.0 : 

4.4 

95.6 

6.6 

1922 

Check 

24.78 

317.9 

4.4 

34.2 

61.4 

6.4 

1920 

300 lbs. inoculated sulfur 


325.0 

37.2 

35,3 

27.5 

6.0 

1921 

300 lbs, inoculated sulfur 


107.7 

10.9 

53.5 

35.6 

4.8 

1922 

600 lbs. inoculated sulfur 


292.4 

72.0 

23.3 

4.7 

4.6 


From the table it will be seen that here again scab was much more severe on 
both the treated and untreated plots in 1921 than in 1920 or 1922 . On the 
plots treated with sulfur, 35.6 per cent of the crop was unsalable in 1921 and 
only 27.5 per cent in 1920, although the mean pH values were 4.8 in the former 
and 6.0 in the latter year. It is evident that soil moisture is a limiting factor 
in determining the amount of scab, but with the same moisture content the 
disease is very much reduced by increasing the soil acidity as is apparent from 
the fact that in 1921, on the sulfur plots, with a pll value of 4.8, the crop was 
35.6 per cent unsalable, while on the check plots, with a pH value of 6.6, 95.6 
per cent of the crop was unsalable . 

In this test, as in the one previously discussed there was considerably less 
scab in 1922 than in 1920 on the plots treated with sulfur. In the former year, 
with a pH value of 6.0 only 37.2 per cent of the crop was clean, while in 1922, 
the pH value of these plots was reduced to 4.6 with a corresponding reduction 
in the number of scabby tubers, 72.0 per cent of the crop being clean. 
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GREENHOUSE EXPERIMENT, 1921-1922 

In order to obtain more definite information on the question, an experiment 
was conducted in the greenhouse in the winter of 1921-1922 to determine the 
influence of soil moisture on the amount of scab and also its influence on the 
oxidation of sulfur. The soil used in this test was a sassafras loam taken 
from the field in which the tests previously discussed were conducted. Two 
series of 2-gallon jars were run, each consisting of 12 cultures, allowing for 4 
replications of each of the moisture contents employed. On the basis of water- 
holding capacity, the per cent moisture contents of the various cultures were 
30, 40, 50, 60, 70 and 80. The cultures in one of the series were run as checks 
while in the other series each culture received an application of sulfur at the 
rate of 900 pounds per acre. In addition, a 4-8-5 fertilizer mixture was added 
to all the cultures at the rate of 1500 pounds per acre. Each culture was 
weighed at frequent intervals during the progress of the experiment and the 
water lost through evaporation and transpiration replaced. The soil in the 
cultures made up to 70 and 80 per cent of the water-holding capacity was so 
wet that the seed pieces rotted and no readings were obtained. 

In order to obtain vigorous plants in ;all of the cultures, twelve tubers of 
the Irish Cobbler variety were selected in the fall of 1921 from plants that were 
free from disease. The tubers were disinfected for 1.5 hours in a solution of 
1-1000 mercuric chloride. Each of the tubers was then cut into two pieces 
weighing41gm.eachandincluding three eyes; one of these pieces was planted 
in a culture treated with sulfur and the other in its check of the same moisture 
content. Soil samples were taken from each culture at time of planting and 
again at approximately 10-day intervals until the experiment was concluded; 
hydrogen-ion determinations were made by the colorimetric method at the 
time of sampling. 

The experiment was started onNovember 18, 1921, and concluded February 
24, 1922. Soil temperature readings were taken at 3-day intervals 
during the progress of the experiment. While the temperature in the 
low moisture cultures was higher than in those of high moisture con- 
tent, the range was very small, the mean values being 24.38°C. and 
23.95°C. respectively. At time of harvesting, the green weights of the 
tubers, the number of tubers showing scab, and the per cent of the sur- 
face of each that was scabbed was obtained. The results are presented 
in table 3. This table is divided into two sections. In section 1 is given 
the results from the check, and in section 2 the sulfur series. From 
the first column of section 1 it will be seen that with an increase in the 
soil moisture content, there was a marked increase in the weight of tubers 
harvested, while in the second column it will be seen that all of the tubers, 
regardless of soil moisture content, showed scab. It will be observed, however, 
that with each increase in soil moisture content, there was a decrease in the 
per cent of surface scabbed; in the cultures with highest moisture content, 38.5 
per cent of the surface was scabbed as compared with 84.7 per cent in the 
culture with lowest moisture content. 
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In the series treated with sulfur, there was a marked decrease in the number 
of tubers showing scab as well as in the per cent of surface scabbed. In the 
cultures of low moisture content, 41 per cent of the surface of the tubers was 
scabbed as compared with 2.5 per cent of the surface of the tubers produced in 
the cultures of high moisture content. It is apparent that in this experiment, 
as in the field tests, soil moisture was a factor of considerable importance in 
determining the amount of scab; that this is not the only or the most important 
factor, however, is clear from a consideration of the pH values of these two 
series. The initial pH value of the soils in each culture in both series was 6.9. 
In the series receiving no sulfur, only slight differences were observed during 
the progress of the experiment, regardless of soil moisture content. On the 
other hand, in the sulfur scries, at the time the second soil samples were taken, 
ten days after the sulfur application was made, the pH values decreased to 6.4. 
Similar decreases were observed on subsequent sampling until at the time the 
plants were harvested; the exponent value of the cultures with 30 to 60 per 
cent moisture content was uniformly 5.1. 

TABLE 3 


Infinence oj soil moisture and acidiiy on the development oj potato scab 


SOIL 

moistuhk 

WATER 

HOLDING 

CAPACITY 

NO-StTLrUR SERIES 

SULFUR SERIES 

Weight of 
tubers 

Scabby 

tubers 

Amount 
of surface 
scabbed 

Reaction 

: Weight 
of 

tubers 

Scabby 

tubers 

Amount 
of surface 
scabbed 

Reaction 

pe.r ctnt 

&m. 

per cent 

per cent 

PU 

m- 

per cent 

percent 

pn 

30 

38,0 1 

100 

84.7 

6,8 

33.35 

100 

41.0 

5.1 

40 

69.9 

100 

82.3 

6.9 

51.15 

66.6 

9.7 

5.1 

50 

68.1 

100 

75.8 

6.9 

62.7 

83.3 

6.6 

5.1 

60 

68.7 

100 

38,5 

6.9 

46.7 

55.5 

2.6 

5.1 


A comparison of sections one and two of table 3 shows that in every instance, 
regardless of soil moisture content, there was considerably less scab in the 
cultures with low than in those with high pH values. In those wnth the mois- 
ture content adjusted to 30 per cent of their water-holding capacity and with 
a pH value of 5.1, only 41.0 per cent of the surface was scabbed as compared 
with 84.7 per cent in the cultures with a pH value of 6.8. In the check cul- 
tures with highest moisture content, all of the tubers w^ere infected with 38.5 
per cent of the surface scabbed while in the cultures receiving sulfur only 55.5 
per cent of the tubers were infected and these showed only 2.6 per cent of the 
surface scabbed. The mean pH values of these cultures was 6.9 and 5.1 
respectively. In the light of these results it is evident that while soil moisture 
is an important factor in determining the amount of scab, soil acidity is of 
equal and probably of greater importance since with the same moisture con- 
tent scab is less severe on soils with an acid than on those with an alkaline 
reaction. 
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The Truog soil acidity test (3) is widely used as a practical test for soil 
acidity but has had a limited use in research work. This is probably due to 
the fact that the test is not sufficiently quantitative for research purposes. 
It is difficult to detect small differences in acidity, especially among strongly 
acid soils, and more difficult to satisfactorily record the results. Despite 
these objections the method has given results that compare favorably with 
other methods (1), (2) and the authors have found the method useful for 
certain lines of work. In using the test as a means of indicating changes in 
acidity due to different soil treatments, it seemed desirable to modify it in 
such a manner as to overcome the two objections mentioned above. The 
modification as described in this paper makes possible a more accurate 
quantitative expression of the results of the test and affords a simple, rapid 
and accurate method of determining differences in soil acidity. 

In the modified test the amount of hydrogen sulfide evolved on boiling the 
soil with Truog 's reagent is accurately determined by titration with a standard 
solution of iodine instead of permitting it to react with a lead acetate paper. 
In order to secure a larger amount of hydrogen sulfide for the determination, 
the amount of soil used in making the test has been increased from ten to 
twenty grams and the time of boiling increased from two to three minutes. 
The procedure developed for making the modified test is as follows: 

Weigh out 20 gm. of air-dry soil and place it in a 500 cc. Erleiuneyer flask, add 100 cc. of a 
one per cent solution of BaCb containing, in suspension, 0.10 gm. of neutral ZnS. Place 
the flask on a wire gauze over a bunsen burner and connect with a 6-mm. glass delivery tube. 
The delivery tube is twice bent at right angles to form two parallel arms lO cm. apart. The 
short arm is 5 cm. long and passes through a rubber stopper into the Erlenmeyer flask. The 
other arm is 41 cm, long and extends to within 3 cm. of the desk or when finally placed in 
position to within 1 cm. of the bottom of a 50-cc, graduated cylinder. After the contents of 
the flask have come to a boil and as soon as steam has been emitted from the long arm of the 
delivery tube for 10 seconds, the flask is raised and the delivery tube inserted into a 50-cc. 
graduated cylinder containing exactly 25 cc. of 4 per cent solution of NILOH. The cylinder 
must be in a bath of cold water which prevents the contents being raised to the boiling 
point. Boiling is continued for 3 minutes, after which the delivery tube is removed from 
the cylinder. The flame of the burner must be adjusted so that just 10 cc. of water will be 
distilled over in the 3 minutes of boiling. Remove the cylinder from the beaker, read and 
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record the increase in volume which should be 10 cc. Transfer the solution to a 100-<c. beaker, 
add 10 cc. of 0.01 N iodine and 2 cc. of a freshly prepared starch indicator solution, acidify 
with 2 cc. of concentrated HCl. The excess of iodine is now titrated with 0.01 iV NajS20j and 
the amount of H 2 S evolved is calculated. One cubic centimeter of 0.01 N iodine is equivalent 
to 0.1 7 mgm. Ii 2 S. Duplicate determinations should agree to within 0.02 mgm. HjS. 

EXPERIMENTAL 

When using the quantities of soil and reagent recommended by Truog, 
the amount of hydrogen sulfide evolved during two minutes of boiling is so 
small in the case of slightly acid soils that it is apparent that the accuracy of 
the determination can be increase by modifying the test so that larger quanti- 
ties of hydrogen sulfide are evolved. The following experimental results 
show the effect of varying amounts of soil, reagent and time of boiling on the 
amount of hydrogen sulfide secured in the determination. 

Table 1 gives the amount of hydrogen sulfide evolved when different quan- 
tities of soil were used in making the test. In all instances 1.1 gm. of the re- 

TABLE 1 


Hydrogen sulfide evolved in ihe modifiied Truog test when varying quantities of soil were used 



j son NO. 41 

1 son. NO. 44 

AMOUNT OF 





SOIL USED 

HjS 

HaS 

HjS 

HiS 

gm. 

mgm. 

relative amount 

mgm. 

relative amount 

5 

0.433 

100 

0,148 

100 

10 

0.773 

178 

0.292 

197 

20 

1.292 

298 

0.462 

312 

30 

' 1.530 

353 

0.581 

392 


agent was used and boiling continued for three minutes at such a rate that 
10 cc. of water was distilled over. The results are the averages of closely 
agreeing duplicates. According to the Truog test, soil 41 is very strongly 
acid and soil 44 is medium in acidity. 

The results show that the evolution of hydrogen sulfide is greatly increased 
by increasing the quantity of soil. Twenty grams of soil was taken as a con- 
venient amount to use in the modified test. Increasing the quantity of soil 
above 20 gm. did not greatly increase the amount of hydrogen sulfide evolved 
and the larger quantity increased frothing when boiling started. 

Table 2 gives the amount of hydrogen sulfide evolved when different quanti- 
ties of reagent were used in making the test. In these determinations 20 
gm. of soil were used and boiling was for three minutes. 

Increasing the quantity of reagent above 1.1 gm. the quantity recommended 
by Iruog decreased the amount of hydrogen sulfide secured from the strongly 
acid soil and caused only a very small increased production from soil 44. 
This indicates that 1.1 gm. of the reagent, containing 1 gm. of barium chloride 
and 0.1 gm. of zinc sulfide, is the best quantity of the reagent to use in the 



MODIFIED TRUOG TEST 


77 


test. This quantity is accurately secured by taking 100 cc. of a 1 per cent 
solution of barium chloride containing, in suspension, 1 gm, of neutral zinc 
sulfide per liter. The suspension must be thoroughly shaken each time 
before measuring out the 100 cc. 

The amount of hydrogen sulfide secured for a determination may be in- 
creased by absorbing the hydrogen sulfide evolved during a longer period of 
boiling than the two minutes recommended by Truog. However, prolonged 
boiling may be objectionable due to side reactions and alterations in the 
acidity of the soil. The influence of time of boiling on the quantity of hydro- 
gen sulfide produced is shown in table 3. Twenty grams of soil and 1.1 gm, 

TABLE 2 


Hydrogen sulfide evolved in the modified Truog tesi when varying amounts of reagent were used 


AMOUNT OF 
REAGENT USED 

sou. NO. 45 

son, NO. 44 

H,S 

HsS 

H:S 

HiS 

gm. 

mgm. 

relative amauni 

mgm. 

relative amaunt 

0.55 

1.278 

100 

0.374 

100 

1.1 

1.351 1 

10 S .7 

0.462 

123.5 

2.2 

1.249 

97.7 

0.476 

127.2 

3.3 

0.909 

71.1 

0.479 

128.0 


TABLE 3 

Hydrogen sulfide evolved in the modified Truog Test during successive one-minute intervals 


PERIOD OP 
BOILING 

soa NO. 41 

SOIL NO. 44 

H»S 

HtS 

1 HjS 

HiS 

min. 

mgm. 

relaXivt amount 

mgm. 

relative amount 

1 

0.4992 

100.0 

0.1907 

100.0 

2 

0.4207 

84.2 

0.1496 1 

78.4 

3 

0.3496 

70.0 

0.1252 

65.6 

4 

0.3029 

60.6 

0.1122 

58.8 

5 

0.2898 

58.0 

0.1028 

53.9 

6 

0.2337 

46.8 




of reagent were used. The hydrogen sulfide evolved during successive 1- 
minute periods was determined. The results show that more hydrogen 
sulfide is evolved during the first 1-minute period than during any succeeding 
minute. The quantity evolved decreases with each successive period, the 
decrease being most marked in the second period. The relative decrease 
was very nearly the same for the two soils as can be seen from an inspection 
of the figures in the third and fifth columns of table 3. Three minutes is 
considered the most desirable length of time for boiling since it gives more 
hydrogen sulfide for the determination, is not long enough to permit side 
reactions to seriously interfere with the test, and during that time a con- 
venient volume of water is distilled over. 
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Fifty soils have been tested by both the regular and modified Truog tests. 
The results of the two tests agree closely, as would be expected. When the 
soils were arranged in the order of their acidity they were placed in approxi- 
mately the same order regardless of the method used. However, the modified 
test permitted a much better comparison and made evident differences that 
could not be detected with the test paper. For instance, the test papers for 
soils 15 and 4 appeared to be identical but according to the modified test 
1.191 mgm. of hydrogen sulfide was evolved from soil 15 while 1.352 mgm. 
was evolved from soil 4. The test papers from soils 12, 24, 13 and 5 appeared 
identical, but the quantities of hydrogen sulfide evolved were 0.691, 0.700, 

0.725 and 0.802 mgm. respectively. In general, with soils of slight and me- 
dium acidity, it is difficult to detect with the regular test differences in acidity 
corresponding to 0.075 or 0.100 mgm. of hydrogen sulfide as indicated by the 
modified test. If the soils are strong or very strong in acidity the test papers 
may not show differences corresponding to 0.200 to 0.300 mgm. of hydrogen 
sulfide. These results show that when the acidity of a number of soils is 
being compared, as has been done by Johnson (1) and Parker and Bryan (2), 
the modified test would be very useful. 

SUMMARY 

1. A modification of the Truog soil acidity test is proposed for use in 
research work. 

2. The suggested modification consists of absorbing the hydrogen sulfide 
evolved in the test in dilute ammonia. An excess of standard iodine solution 
is then added, the solution acidified and the excess iodine is titrated with 
standard sodium thiosulfate of the same normality. The results of the test 
are recorded as milligrams of hydrogen sulfide evolved. 

3. Increasing the quantity of soil used in making the test increases the 
amount of hydrogen sulfide evolved. Increasing the quantity of reagent 
above 1.1 gm. does not increase and may decrease the amount of hydrogen 
sulfide evolved. 

4. The modified test affords a short, simple and accurate method of deter- 
mining slight differences in soil acidity. 
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The problem of soil acidity is one that is common to most soils of humid 
regions. A large amount of investigation has been carried on to determine 
the nature of the phenomenon and to find a satisfactory method for its de- 
termination. The methods that have been advanced are many and vary 
greatly in principle and technique. These have been studied from time to 
time in relation to one another, and in relation to field conditions with the 
idea of selecting the most satisfactory, if any. Macintire (15) has reviewed 
and cited the most important literature on the subject. 

Lime requirement methods are intended to measure the total amount of 
base necessary to neutralize a soil; that is, to change the reaction to pH 7. 
Whether a particular method accomplishes this can only be determined by a 
consideration of the hydrogen-ion concentration. There are two means by 
which the hydrogen-ion concentration of a soil may be determined, viz; di- 
rectly with the hydrogen electrode, and indirectly by the comparison of the 
color of the appropriate indicator in a standard solution with that of the same 
indicator in the aqueous extract of the soil. The former is more accurate, 
while the latter is simpler. Gillespie (6) was the first investigator to report 
comparisons of the two methods and he has shown fair agreement. Since 
that time one or the otherof these procedures has been used by different workers 
in soil studies and for the investigation of lime requirement methods. Knight 
(13) studied a series of soils, the lime requirement of which had been previously 
determined by several different methods and determined their hydrogen-ion 
concentration with the hydrogen electrode. He used a type of electrode, 
however, which required the use of a neutral salt solution, so that his results 
are not comparable with others. Blair and Prince (1) and Joffe (10) studied 
the Veitch method from this viewpoint and found that soils (of one particular 
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type) having a pH value of 6.7, or over, were alkaline by this method and that 
the hydrogen-ion concentration and the lime requirement in this case seemed 
to correlate. Johnson (11) using tlie same methods with soils of widely vary- 
ing types, claims there is no correlation between the lime requirement as de- 
termined by the Veitch method and the hydrogen-ion concentration. The 
latter also studied the Truog zinc sulfide method. Fisher (5) used the colori- 
metric method and barium hydroxide for studying the Hutchison-MacLennan 
method. In 1920, W. H. Macintire (14) Associate Referee of the Association 
of Oflficial Agricultural Chemists, instituted a collaborative investigation of 
methods by different workers in America, The methods investigated were 
the freezing point method of Bouyoucos, the Tacke method, the Macintire 
method and the hydrogen-ion concentration method. Other methods were 
to be investigated, among them the Jones calcium-acetate method, but the 
lack of sufficient cooperators prevented it. In his report to the association 
Macintire recommended that the Jones method be studied. The features of 
this method are its simplicity, rapidity and adaptability. We have made it 
the subject of this investigation. 

THE JONES CALCIUM-ACETATE METHOD TOR LIME REQUIREMENT 

Connor (4) has studied the Jones method along with the Veitch, Hopkins 
and Hutchison-MacLennan methods on soils of different types. He found 
that the Jones and Hutchison-MacLennan methods were the most consistent 
in relation to one another, and that by using a factor for the former of 1.35 
instead of 1.8, these two methods would give more concordant results. Ste- 
phenson in his study of soil acidity methods (18) seems to have overlooked the 
factor. Hill (8) used the Jones method for lime requirement determinations 
in investigating the effect of green manure on soil acidity. On comparing it 
with the Veitch method, he claims a fair agreement of the two. Burgess (2) 
in studying the effect of chemical fertilizers on the soil reaction with the hydro- 
gen electrode, used this method for his lime requirement determinations. 
His is the only work that shows the relation between the lime requirement 
results by the Jones method and the hydrogen-ion concentration of the soil. 
Only acid soils were studied. 

The Jones method is based on the formation of acetic acid by the addition 
of calcium acetate to a definite quantity of soil. The titratable acid is multi- 
plied by the factor 1.8 to obtain the amount of acid equivalent to the corre- 
sponding weight of soil. 

Jones had advanced two methods, viz., a standard method (12) and a field 
method (8). In this investigation, the field method was used for all deter- 
minations. Comparisons of the two in this laboratory have given close 
agreement and the field method has the advantage of being the simpler of the 
two. 
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Field method 

Transfer 5.6 gm. soil to a 200-cc. flask, add 0.5 gm. calcium acetate and 150 cc. distilled 
water. Mbt thoroughly and let stand 15 minutes, shaking at intervals of 2 or 3 minutes. 
Make up to volume of 200 cc., mix thoroughly and filter into a suitable flask or cylinder. 
Discard the first 10-15 cc. of filtrate, which may be cloudy. Titrate 100 cc. of the clear 
filtrate, using phenolphthalein as an indicator, with 0.1 iV NaOH. This reading multiplied 
by 2 gives the cc, of 0.1 ISf alkali required to neutralize the acetic acid in 200 cc. of the 
solution. This figure times the factor 1.8 times 1000 equals the pounds of lime (CaO) 
required per 2,000,000 pounds of soil. 

The correction for the calcium acetate used is determined by making the test as outlined 
above, using 0.5 gm. acetate without the addition of soil. It should not be over 0.2 cc. 
0.1 N NaOH. 

The standard method differs from the field method only in the treatment of the soil after 
weighing and before filtering. The same weight of soil and acetate are transferred to a 
mortar and mixed with a pestle. Sufficient water is added to make a fairly stiff paste, which 
is pestled for 20 seconds. Thirty cubic centimeters more of water arc added and mixing 
continued for 30 seconds. The suspension is then washed into a 200 cc. flask, keeping the 
volume below 160 cc. This mixture is alLowed to stand for 15 minutes, with frequent shaking 
as in the field method. From this point the procedure is the same for both methods. 

Preparation of samples 

Fifty-one samples of soil collected from different sections of the Province of Quebec were 
used in these studies. The samples were first air-dried by spreading them in thin layers over 
porcelain topped tables .for several days. A uniform method for pulverizing the soil was 
adopted, which wa.s thought not to present any new unweathered surfaces of the soil particles. 
The soil was rubbed in an unglazed porcelain mortar with a rubber- tip'ped pestle until no 
more passed through a sieve having circular openings one millimeter in diameter. The 
siftings were then thoroughly mixed and placed in a tightly scaled presci^fing bottle. The 
residue was weighed, recorded in per cent of total sample, and discarded. The lime require- 
ment by the Jones method was determined on each soil as they were obtained, while the 
determinations with the hydrogen electrode were made later. 

Unfortunately we have no system of soil classification in the Province of Quebec and very 
little has been done along this line. The description of types given in this article are estimates 
only, but are probably near enough for this purpose. 

Apparatus for determining hydrogen-ion concentration 

A discussion of the principles underlying the use of the hydrogen electrode is not within 
scope of this article. Such can be obtained from any text book on physical chemistry or from 
Clarke’s book “The Determination of Hydrogen Ions'’ (3). 

Various types and forms of apparatus have been devised by different workers for measuring 
the hydrogen-ion concentration. In setting up our arrangement (lig. 1), we tried to have it as 
simple and easily constructed as possible. No claim of originality is made for we have 
merely used parts of types advanced by others. The material used is common to all chemical 
laboratories. The electrode is patterned after Hildebrand (7) while the vessel is that used by 
Sharp and Hoagland (17). The hydrogen electrode consists of a piece of platinum wire, 
gauge 18, about I inch long, sealed into the end of a piece of \ inch glass tubing so that 
about i inch of platinum is exqwsed. A <lislillation test tube from which the bottom has been 
removed is used to envelop the electrode. The latter extends down through the tube, being 
held at the top by a rubber stopper, so that the exposed platinum is just visible below. The 
electrode was coated with platinum 1)1 ack at frequent intervals and stored in distilled w'ater 
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when not in use. Hydrogen enters the side arm and leaves at the bottom passing through 
the solution. Connection is made between the unknown solution and the calomel electrode 
by an agar tube in the usual way. 

Using the above arrangement we made measurements of standard buffer solutions pre- 
pared as recommended by Clark (3). The results given in table 1 were obtained with the 
first standard (pH 5.S) of the primary potassium phosphate series. The electrode was checked 
in this way at frequent intervals during the course of the work. 



Fig. 1. H\droge.\ Electrode and Vessel 
TABLE 1 


Eleclrode measurements of a standard solution 


nstu 

potentiometer READING.S 

EXPONENT or THE HYDROGEN-ION 
CONCENTRATION 

mhiuics 

mitlivolls 

PII 

5 

626. S 

5.81 

10 

627 .0 : 

1 5.82 

15 1 

627.0 

5.82 

20 1 

627.0 

. 5.82 


The normal calomel electrode was used. The measurements were made with a Leeds and 
Northrup potentiometer, model 7655. This is a more suitable instrument for soil work than 
the exp>ensive type K instrument. Hydrogen was prepared electrolytically from generators 
constructed like those used by Knight (13) using sodium hydroxide as electrolyte and iron 
electrodes. The hydrogen was washed twice with water before entering the electrode. No 
trouble was experienced which might be due to impure hydrogen. 
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determination or the HYDROGEN-ION CONCENTRATION OF THE SOILS WITH 
THE HYDROGEN ELECTRODE 

f'ive grams of soil in 50 cc. of distilled water were used in all measurements 
with the hydrogen electrode. With this proportion of soil to solution, the 
equivalent of about 20 tons of calcium carbonate to 2,000,000 pounds of soil 
could be added as calcium hydroxide solution for lime requirement determina- 
tions. The soil was shaken constantly during the entire period of taking 
readings. Readings were made at intervals of five minutes as nearly as 
possible. 

Results of the electrometric measurements are stated to the nearest hun- 
dredth of a pH unit; not that the accuracy is to that degree, but to show the 
relation between samples. Millivolt readings were converted to pH values 
by use of the table prepared by Schmidt and Hoagland (16). No effort was 
made to control the temperature. Measurements were made at room tempera- 
ture, which was quite constant at 22°C. + 1°C. 

The progress of the potentiometer readings in each determination was uni- 
form except in a few cases as noted below. There was an increase for the first 
two or three readings after which constant readings were obtained for the 
remainder of the time. At first readings were made for one hour, but it was 
found that if three or four check readings were obtained at as many consecu- 
tive 5-minute observations, the same reading would be obtained for an hour 
at least. The exceptions that occurred were with a few very acid soils and 
some of those at, or near neutrality. 

With six very acid soils the progress was an increase for the first ten minutes 
and then a decrease of a millivolt or less at each reading thereafter. Knight 
(13) and others have noted this and account for it as being due to more acid 
coming into solution or to hydrolysis. 

In the case of the neutral or nearly neutral soils consecutive readings showed 
a progressive increase which was large for the first several measurements and 
of two or three millivolts in magnitude for the remainder of the period. The 
rapid increase in millivolts usually extended over a slightl}’’ longer time than 
was the case with the other soils, but readings taken at the twenty-minute 
point agreed closely with the colorimetric value. The reason for the changes 
noted is probably loss of carbon dioxide. That it would not be a factor in case 
of the more acid soils is brought out by the work of Hoagland and Sharp (9). 
These workers measured the hydrogen-ion concentration of soils with different 
pH values with various partial pressures of carbon dioxide and found that 
“ the hydrogen-ion concentration of suspensions of acid soils is not markedly 
affected by increasing the content of carbon dioxide up to 10 per cent. The 
hydrogen-ion concentration of slightly alkaline soils is slightly increased by 
such treatments. A notable increase in hydrogen-ion concentration is ob- 
served when soils containing alkali carbonate are similarly treated.’’ 



TABLE 2 

Hydrogen-ion concentration detertninaiions 


SOIL 

ELECTROMETRIC 

DETERMINATION 

COLORIMETRIC 

DETERMINATION 

DirrERENCE 

Number 

Type 



PH 

pH 

PH 

4 

Silt loam 

4.85 

4.3 

+0.55 

3 

Silt loam 

4.85 

5.0 

-0.15 

10 

Gravelly silt loam 

4.90 i 

4.8 

1 +0.10 

22 

Gravelly fine silt loam 

4.90 

5.2 

-0.30 

8 

Coarse gravel 

4.94 1 

5.4 

-0.46 

2 

Gravelly fine silt loam 

4.99 

5.0 

-0.01 

6 

Fine silt loam 

5.02 

4.7 

+0.32 

18 

Fine sandy loam 

5.06 

5.1 

-0.04 

12 

Fine silt loam 

5.07 

5.0 

+0.07 

11 

Silt loam 

5.11 

5.2 

-0.09 

14 

Gravelly fine silt loam 

5.14 

5.4 

-0.26 

29 

Sandy loam 

5.14 

5.4 

-0.26 

16 

Fine silt loam 

5.14 

5.1 

+0.04 

1 

Gravelly fine silt loam 

5.19 

5.2 

-0.01 

20 

Gravelly silt loam 

5.19 

5.1 

+0.09 

7 

Silt loam ; 

5.19 

5.3 

-0.11 

13 

Gravelly silt loam 

5.26 

5.3 

-0.04 

5 

Silt loam 

5.28 

5.4 

-0.12 

34 

Sandy loam 

5.31 

5.4 

-0.09 

26 

Gravelly silt loam 

5.36 

5.4 

-0.04 

25 

Fine sandy loam 

5.36 

5.5 

-0.14 

9 

Silt loam 

5.38 

5.3 

+0.08 

21 

Fine sandy loam 

5.41 

5.4 

+0.01 

30 

Fine sandy loam 

5.41 

5.4 

+0.01 

17 

Fine silt loam 

5.44 

5.4 

+0.04 

19 

Very fine sandy loam 

5.44 

5.4 

+0,04 

15 

Silt loam 

5.48 

5.45 

+0.03 

24 

Silt loam 

5.56 

5,2 

+0.36 

31 

Very fine sandy loam 

5.56 

5.3 

+0.26 

23 

Gravelly silt loam 

5.65 

5.6 

+0.05 

28 

Fine sandy loam 

5.70 

5.6 

+0.10 

35 

Sandy loam 

5.77 

5.7 

+0.07 

32 

Gravelly fine silt loam 

5.95 

5.8 

+0.15 

39 

Silt loam 

6.02 

6.2 

-0.18 

27 

Silt loam 

6.02 

6.0 

+0.02 

43 

Fine sandy loam 

6.04 

6.0 

+0.04 

33 

Gravelly silt loam 

6.15 

6.0 

+0.15 

37 

Medium sand 

6.19 

6.3 

-O.II 

44 

Sandy loam 

6.34 

6.4 

-0.06 

42 

Sandy loam 

6.37 

6.35 

+0.02 

45 

Silt loam 

6,39 

6.45 

-0.06 

40 

Fine sandy loam 

6,56 

6.5 

+0.06 

46 

Fine sandy loam 

6,56 

6.6 

-0.04 

38 

Fine sandy loam 

6,58 

6.4 

+0.18 

41 

Silt loam 

6 . 63 

6.7 

-0.07 

36 

Gravelly silt loam 

6.66 

6.6 

+ 0.06 

47 

Silt loam i 

6.96 

7.0 

-0.04 

49 

Sandy loam 

7.0 

7.0 

0.00 

48 

Silt loam 

7.02 

7.0 

+0.02 

50 

Silt loam 

7.27 

7.2 ' 

+0,07 

51 

! Silt Icram 

7.61 : 

7.6 

+0.01 
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TABLE 3 


Lime Requirement Delerminaiions 


SOIL NUMBEK 

INITIAL LUCE REQTTIREMEKT 

REACTION AETER TREATMENT 


ihs . per acre 

pa 

4 

14, 120 

6.9 

3 

16,400 

6.9 

10 

10,600 

7.0 

22 

5,440 

7.1 

8 

11,900 

7.0 

2 

17,600 

6.8 

6 

12, 500 

6.8 

18 

6, 100 

6.9 

12 

10,600 

6.7 

11 

10, 600 

7.0 

14 

9,920 

7.0 

29 

4,500 

1 7.0 

16 

8, 350 

6.8 

1 

21,120 

6.8 

20 

5,780 

7.1 

7 

11,240 

6.8 

13 

10,600 

7.0 

5 

13,600 

6.8 

34 

3, 530 

7.3 

26 

4, 820 

7.3 

25 

5, 140 

7.0 

9 

11,240 

7.0 

21 

5,780 

6.9 

30 

3, 850 

6.9 

17 

7,680 

6.8 

19 

5, 780 

6.9 

15 

8, 350 

6.9 

24 

5, 460 

7.0 

31 

3,850 

7.1 

23 

5, 460 

7.1 

28 

4, 500 

7.1 

35 

3,530 

7.3 

32 

3, 850 

7.0 

39 

2,890 

7.1 

27 

4, 820 

7.0 

43 

2,250 

6.9 

33 

3, 850 

7.1 

37 

3,210 

7.1 

44 

2,250 

7.0 

42 

2, 570 

7.3 

45 

2,250 

7.2 

40 

2,890 

7.2 

46 

1,930 

7.2 

38 

3,090 

7.1 

41 

2,890 

7.2 

36 

3, 530 

7.1 

47 

1,600 

7.7 

49 

960 

7.3 

48 

1,280 

7.4 

50 

960 

7.8 

51 

640 

8.2 
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COLORIMETRIC DETERMINATION OF THE HYDROGEN-ION CONCENTRATION 
OF THE SOILS 

Standards for the colorimetric measurements were prepared according to 
the outline given by Clark (3). The procedure for making measurements 
differed very little from that used by Gillespie (6). We used 50 grams of 
soil in 100 cc. of distilled water. The mixture was shaken for a minute, 
allowed to settle for a short time and clarified by centrifuging for 15-20 minutes. 
The comparisons were made in the six compartment comparator. The stand- 
ards were checked electrometrically to insure accuracy. 

Compared with the electrometric measurements, the colorimetric values 
show good agreement. The greatest difference is 0.55 of a pH unit in the 
case of soil 4. The remaining differences (table 2) are as follows: with three 
soils, the readings differed by more than pH 0.3; with three soils, by pH 0.2- 
0.3; with ten soils, by pH 0. 1-0.2; and with 34 soils, by less than pH 0.1. 

LIME REQUIREMENT BY THE JONES METHOD AND HYDROGEN-ION CONCENTRATION 

The results of lime requirement determinations are stated in terms of calcium 
carbonate required for 2,000,000 pounds of soil. These values are calculated 
by means of the factor 1.8 (table 3). 

There was no direct correlation between the hydrogen-ion concentration 
and lime requirement by the Jones method. However, high lime values were 
always associated with a low pH, although the converse did not hold. The 
lighter soils had a lower lime requirement than the heavier ones, and of the 
lighter types, those with the higher hydrogen-ion concentration had the greater 
requirement for lime. Had our classification of the soil types- been more 
accurate, these statements would probably be more obvious than they appear. 
If this is true the litmus paper testfoi soil aridity or Wherry’s (19) field method 
for determining the hydrogen-ion concentration of soils would have some value 
in showing the need for lime after the soil type had been determined. 

An important point that these measurements bring out, is that the Jones 
method gives a lime requirement for neutral and slightly alkaline soils. An 
explanation of this is not difficult when it is considered from the viewpoint of 
the hydrogen-ion concentration. Phenolphthalein begins to show color at 
pH 8.5 and gives a gradation of color up to pH 10.5 according to Clark (3), 
so that all titrations with this indicator are carried to some point in this range. 
A titration of the calcium acetate in water is used as a blank to correct for im- 
purities in the salt. It might appear to correct also for the indicator but the 
difference in buffer action of the two solutions prevents this. Another way 
of stating it is that the presence of the extracted materials in the filtrate gives 
that solution a greater “reaction inertia.” To illustrate: 

Five-tenths gram calcium acetate dissolved in 200 cc, water gives a pH value of 6.9-7.0. 
One hundred ^bic centimeters of this solution requires 0.05 cc. 0.1 N NaOH solution to 
give a slight pink to phenolphthalein. The clear filtrate of soil 49 prepared according to the 
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Jones method, requires 0.2 cc. 0.1 iV NaOH to give the same color to this indicator. This 
gives a value for lime of 960 pounds per acre. The discrepancy is emphasized by the factor 
but still it exists. For soils 47 and 48 it is even greater. Further evidence of this fact is 
brought out by an experiment with some soils treated in the laboratory with calcium carbo- 
nate as indicated by the Jones method to neutralize the acidity. The procedure follows. 

Three soils from the Macdonald College Farm were dried and sifted through a 2.S-mm. 
sieve. The pH values, carbonate carbon, and lime requirement by Jones method were 
determined. Results are given in table 4. 

Calcium carbonate was added to each soil equivalent to the amount indicated by the 
Jones method and a slightly larger amount in a second portion. One-kilogram portions of 
soil were used in each case. The soil and calcium carbonate were well mixed, placed in 
glass receptacles, and maintained at optimum moisture content for 5 weeks. All the soil was 
then spread out to dry, and finally stored in sealed glass jars until measurements were made. 
The pH value, residual carbonate and lime requirement were determined. 


TABLE 4 

Efcct of calcium carhonak on the hydrogen^on concentration and lime requirement of slightly 

acid soils 


SAUFIE 

KCllBSK. 

CaCOj 

ADDED PER 
KCli. SOIL 

REACTIOJJ 

O.l N NaOH EQUIVALENT 
OP CARBONATE 
CARBON PER CM. SOIL 

CaCOl REQUIREMENT 

BY JONES METHOD 

PER KGM. SOIL 

Original 

Final 

Original 

Final 

Original 

Final 



pa 

pH 

Sm- 

im. ' 1 

gm. 

gm. 

11 

1.548 

6.58 

7.0 

0.63 

0.71 

1.548 

; 0.410 

11a i 

1.750 

6.58 ; 

7.15 

0.63 

0.70 

1.548 

0.410 

14 j 

0.900 1 

6.63 

6.9 

0.48 

0.48 

0.900 

0.640 

14a 

1.200 

6.63 

7.0 

0.48 

0.48 

0.900 

0.640 

27 

1.890 

6.31 

6.8 

0.58 

0.48 

1.890 

0.735 

27a 

2.200 

6.31 

6.9 

0.58 

0.68 

1.890 

0.735 


These results show that the calcium carbonate was practically all decomposed and the 
carbon dioxide set free. The resulting hydrogen-ion concentration was dose to neutrality in 
practically all cases. The excess calcium carbonate was probably used up to neutralize the 
nitric acid produced during nitrification. These soils after such treatment still have a “lime 
requirement” by the Jones method. The only logical explanation of this has been stated 
above. 


LIME REQUIREMENT INDICATIONS BY THE HYDROGEN ELECTRODE 

As a test of the constancy of the factor used in this method, we determined 
electrometrically the hydrogen-ion concentration resulting from the treatment 
of each soil with the quantity of lime water indicated by the Jones method. 
The lime water was prepared by allowing a large excess of calcium hydroxide 
to stand in water for six months with frequent shaking. In this way we ob- 
tained a fully saturated solution. Analysis by precipitation gave a value of 
2.363 mgm, per cc. calculated as calcium carbonate. This solution showed a 
trace of magnesium in 50 cc. that was too small to weigh. Five grams of soil 
was used as in the determination of the original pH value. With this weight 
of soil, 2.115 cc. standard lime water solution prepared and analyzed as above 
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should be added to equal an application of a ton of ground limestone to 
2,000,000 lbs. of soil. The additions of lime solution were made as indicated 
by the Jones requirement, the volume made up to 50 cc. and the suspensions 
shaken for one hour before the hydrogen-ion concentration was determined. 
Knight (13) has shown that the reaction between the calcium hydroxide and 
soil is practically completed at the end of this time. For the determination 
of the hydrogen-ion concentration the procedure w^as the same as in the case 
of determining the original pH values, i.e. readings were taken at 5 minute 
intervals. A rapid increase in millivolts occurred for the first two or three 
readings and very small increases (a millivolt or two) were observed in the 
subsequent readings. For the sake of uniformity the fifth reading was used 
in all cases. 

In figure 2 we have plotted the values obtained as described above against 
the soils arranged in order of increasing lime requirement. This brings out 
the fact that in general the factor is a function of lime requirement and cor 
relates to a less extent with the pH value. In general those soils having a 
requirement of three tons of ground limestone or greater would require a fac- 
tor of 1.8 or more, while those of a smaller requirement would demand a factor 
less than this. This generalization applies more to the heavier soils than to 
the sandy type. With the latter, the value after treatment is generally high 
so that we should take as a factor for these soils a figure below 1.8. 


SUMMARY 

1 . Good agreement between the electrometric and the colorimetric methods 
for determining the pH values of fifty-one Quebec soils was obtained. 

2. Some correlation between hydrogen-ion concentration and lime require- 
ment by the Jones method seems to hold in a general way for soils of the same 
type. 

3. The Jones method gives a lime requirement for neutral and slightly alka- 
line soils up to a reaction of about pH 7.6. This is caused by the indicator 
used and the increased “ buffer ' ’ effect of the soil extract over that of the blank. 

4. Soils treated with lime water as indicated by the Jones method gave 
values which were in general close to neutral. Soils of high lime requirement 
were generally still slightly acid, while those of low requirement were usually 
slightly alkaline. 
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INTRODUCTION 

Litmus paper is widely used as a qualitative test for acid soils. Barlow (1) has cited the 
opinions of a number of different authorities as to its value, while Karraker (5) has shown 
by experiment the great variation in sensitivity which may occur in test paper obtained from 
different sources. The most systematic study of the behavior of litmus paper in the presence 
of acids of different strengths is that contributed by Walpole (6) in 1913. He found that 
blue litmus paper had basicity varying in different papers. This basicity gave the paper a 
certain “reaction inertia” in dilute solutions of acids. For this reason litmus paper in dilute 
solutions of highly dissociated acids is incapable of showing the true reaction. 

Harris (4) believed that the change in the color of blue litmus paper was due to the selective 
adsorption of the soil for the base of the blue litmus salt, leaving the red dye on the paper. 
He supported his belief by citing the fact that in the majority of cases the aqueous extract 
of acid soils docs not redden blue litmus paper. Gillespie and Wise (3) refuting this claim, 
have shown that the reason the aqueous extract of acid soils does not usually affect blue litmus 
paper is that such a solution is not buffered strongly enough to overcome the basic nature of 
the test paper. They show this by comparing the behavior of blue litmus paper in a dilute 
solution of hydrochloric acid of hydrogen-ion concentration equal to that frequently occurring 
in the aqueous extract of soils, with that in a well buffered solution of the same hydrogen-ion 
concentration, for example one of the 0.05 M phthalate series. 

THE SENSITIVITY OF BLUE LITMUS PAPER 

If azolitmin or litmus paper were as sensitive an indicator as those which 
have been recently prepared for use in the colorimetric determination 
of the hydrogen-ion concentration, we should have the ideal indicator for 
soil work. The range as given by Clark (2) is pH 4.5“8.3. This the writer 
found to be quite true for the particular paper used in this work. Blue 
litmus paper in contact with an acid soil is slowly changed in color. The 
speed and completeness of the change undoubtedly depend both on the 
degree of acidity (hydrogen-ion concentration) and the buffer or reserve 
acidity present. In other words, the change would seem to depend upon the 
total acidity as well as the pH value. To determine which of these seemed 
to have more influence on the change in color of the litmus paper was the 
object of this experiment. 

The blue litmus paper used was a commercial one, purchased from the W ill 
Corporation, Rochester, N. Y. To determine its usefulness for the partic- 
ular work, we measured its sensitivity in a dilute, highly dissociated acid 
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against the color change produced in a series of standards of varying pH that 
were prepared for colorimetric comparisons according to Clark (2). Hydro- 
chloric acid was used as the highly dissociated acid and the solution was 
prepared as outlined by Gillespie and Wise (3) by diluting 0.5 cc. of approxi- 
mately 0.2 N acid to one liter. This solution, measured colorimetrically with 
methyl red indicator against the 0.05 M phthalate series, proved to have 
pH 4.0. 

Four buffered solutions were used as standards and had the following pH 
values: 6.8, 6.4, 6.0, 4.2. A strip of blue litmus paper was placed in each 
of these four solutions, and also in the hydrochloric acid. The shade of color 
•on the litmus paper in the standards was assumed immediately in each case 
and altered only slightly on standing. The change in the case of the litmus 
In the hydrochloric acid solution was slow and did not reach its proper colora- 
tion in three hours. Results are given in tables 1 and 2. 


TABLE 1 

Approximate color assumed by litmus paper in standard solutions 


pH 6.8 

pH 6.4 

pH 6.0 

pH 4.2 

Lavender 

Very slightly pink 

Slightly pink 

Pink 


TABLE 2 

The shade of color and indicated pH values of the litmus in the HCl solution 



TlilE or observation 

Immedi- 

ately 

10 min. 

20 min. 

30 min. 

3 brs. 

Color observed 

No 

change \ 

Laven- 

der 

Very 

slightly \ 
\ pink 

Very 
slightly 
\ pink. 

Slightly 
, pink 


Corresponding pH value 

1 

6.8 

6.4 

6, 4-6.0 

6. 4-6.0 


This paper appeared to be very sensitive to buffered solutions and had 
some degree of sensitiveness in a dilute solution of a highly dissociated acid. 
It was therefore judged sufficiently sensitive for the work. 

THE TESTING OE SOILS WITH BLUE LITMUS PAPER 

Twenty-two soils, the pH values of which were determined both electro- 
metrically and colorimetrically, were used. The soils varied widely as to 
color and other physical characteristics. The pH value of these soils ranged 
from 4.8 to 6.7. 

The blue litmus paper used was the same as that from which the above 
results were obtained. The sheets were cut in strips J-f inch wide and made 
short enough to lie flat across the bottom of 100-cc. beakers. Over the test 



paper was placed one thickness of coarse white filter paper cut to fit snugly 
in each beaker. The paper was dampened with distilled water, and about 
10 gm. of a given soil were placed “in the beaker. Enough distilled water 
was then added to moisten the soil, avoiding an excess. The entire series 
of soils was prepared in this way and allowed to stand one half hour before 
making the comparisons. At the end of this time the beakers were turned on 
their sides with the bottoms towards the observer. The different beakers 

TABLE 3 


A rrangement of soils by litmus test compared mth pH value and Ume requirement 


SOIt. NUMBER 

ORDER OF 
ARRANGEMENT BY 
FIRST OBSERVER 

OUnER OF 

ARRANGEMENT BY 
SECOND OBSERVER 

pH V.\1DE 

LIME REQUIREMENT 

BY JONES METHOD 

PER ACRE 

14 

1 

1 

5.11 

lbs. CaCOt 

9,900 

22 

2 

4 

4.90 

5,400 

1 

3 

6 

5.19 

21, 120 

2 

4 

3 

5.00 

17,600 

10 

5 

7 

4.85 

10, 600 

6 

6 

2 

5.02 

12, 500 

3 

7 

5 

4.8S 

16,400 

25 

8 

9 

5.36 

5,410 

34 

9 

12 

5.31 

3, 500 

26 

10 

14 

5.36 

4,800 

31 

11 

8 

5.36 

3,850 

19 

12 

11 

5.44 

5, 780 

17 

13 

10 

5.44 

i 7, 680 

20 

14 

16 

5.19 

5, 780 

23 

15 

13 

5.65 

5, 460 

28 

16 

17 

5.70 

4,500 

35 

17 

1 15 

5.77 

3,530 

32 

18 

19 

5.95 

3,850 

39 

19 

18 

6.02 

2,890 

36 

20 

21 

6.66 

3, 530 

40 

21 

20 

6.56 

2,890 

62 

22 

22 

6.43 

2,890 


were then arranged without consulting the numbers, according to the shade 
of litmus paper, to give a gradation of color from blue to pink. The arrang- 
ing was done by two observers, one of whom knew nothing of the pH values. 

DISCUSSION 

Taking into account the arrangement of these soils by the two observers, 
the soils can be divided into three groups and each group will contain the same 
soils although the order is not the same. The first seven soils make up the 
first group; the next ten, the second group ; the remaining five, the third group. 
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The color assumed by the litmus paper in each case could be roughly described 
as pink, slightly pink and very slightly pink with pH values of 4.8-5. 2, 5.2- 
5.8 and 5.8-6. 7, respectively. The general conclusion of the experiment 
would then be that the color of litmus paper in contact with the soil depends 
on the hydrogen-ion concentration of the soil. Thus this simple test may be 
used to obtain some approximate idea of the intensity of the acidity. 

Frequent reference is made in the literature to the behavior of certain 
soils toward red litmus paper. In this case the change takes place more 
slowly and so is less definite. However, certain soils have been described 
as basic to red litmus paper and the expression needs explanation. 

Samples of red litmus paper in this laboratory appear to vary in shade 
which means that the pH the particular paper is indicating is different. The 
different papers were judged to vary from pH 4.5 to 6.0. This being the case, 
it is apparent that theoretically any soil with a pH value greater than that of 
the paper would cause a change in color toward the basic shade so that a 
soil may be acid and still cause a change on red litmus paper. Since the 
usual method for detecting change in litmus paper is by comparison with 
either a portion of the same strip not in contact with the soil or with another 
strip of the same paper as a blank, the change in the paper may not necessarily 
mean a soil is acid. The actual shade of color assumed must be taken into 
account. 

SUMMARY 

1. It has been shown that the litmus paper test depends on the hydrogen- 
ion concentration of the soil. 

2. The three shades of color assumed by blue litmus paper in contact with 
these soils may be roughly described as pink, slightly pink and very slightly 
pink with pH ranges of 4.8-5. 2, 5. 2-5. 8, and 5.8-6. 7, respectively. 

3. It is further pointed out that the changing of color of red litmus does not 
mean a soil is basic unless the proper color (blue) is imparted to the paper. 
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A new concept of soils, in their genetic and geographic relationships, is 
gaining acceptance among American soil scientists. The fundamental basis 
and principles underlying this concept originated among Russian workers and 
have been most comprehensively presented by Glinka (3). In America the 
principles have been promulgated by Marbut (4) of the United States Bureau 
of Soils and further the broad scheme has been modified and adjusted for a 
practicable detailed classification of soils, the principles established, and the 
criteria stated by him for the recognition of the soil unit. 

Soils in their broader relationships are a function of climate. Geology, topog- 
raphy and native vegetation are locally modifying factors. Two important 
factors of soil formation are the moisture or drainage conditions under which 
the soils have developed and the time or period through which the soil forming 
processes have operated. Thus there are two great taxonomic groups: (1) 
relatively old or mature soils developed under conditions of good drainage; (2) 
relatively old or mature soils developed under poor drainage. A third group 
of soils in which the profile is incomplete must be recognized, namely those 
which are very recent and practically equivalent to geological formations. 
In such cases, tlie upper part of the formation or that part which influences 
plant growth is described in soil terms. 

In this scheme of soil classification, the soil profile includes the whole thick- 
ness, upon which the soil-forming processes have operated, from the surface 
down to the parent rock or geologic substratum. The importance of a separa- 
tion of a profile into its yiatural divisions is emphasized, and the classification 
is based upon inlrinsic soil characteristics. 

On the basis of this concept of soils and soil classification, field and labora- 
tory studies of soils in Michigan have been undertaken and the preliminary 
results obtained during the year 1922 are herewith presented. 

The primary purpose has been to ascertain chemical and physical facts 
regarding the soils; to determine whether basic chemical and physical con- 
stitutional differences exist between separate members or .horizons of the soil 

I The field observations and interpretation of soil profiles are largely the work of V'ealch 
and McCooI; the hydrogen-ion studies and interpretations of the results arc the work of 
Spurway, Credit for laboratory determinations by others is given in the proper place. 
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profile and to what extent the visible phenomena in the field can be correlated 
with laboratory data. 

In the geographic studies, the observations in the field seem to justify the 
division of the state into two soil provinces which we are designating for the 
present simply as northern and southern. From the nature of things a transi- 
tion or blending of the soils of the two groups would be expected, but it is 
impracticable at present, at least, to attempt to draw boundaries for a transi- 
tional group or to define a typical profile for such a group. The generalized 
profiles of the two groups are given below. 

PROFILE FOR THE NORTHERN GROUP 

(Fairly well to well drained mature soils) 

1. Mold 

Humous soil (very thin) 

2. Gray or podsolizcd horizon (3-24 inches) 

3. Brown horizon (dark coffee-brown to light leather-color and dull yellow; thickness 

of 4 inches to 4 feet; horizon of acid concentration) 

4. Horizon showing iron oxide coloration, red or yellow; highest clay content; gradation 

to substratum 

5. Substratum. 

The thickness of the whole soil layer or complete profile in general is 30 to 48 inches; in 
the case of the most impervious clays it may not be more than 24 inches, while in the case of 
some of the most pervious sands it may be as much as 6 feet 


PROFILE FOR THE SOUTHERN GROUP 


(Well drained mature soils) 

1. Mold and humous soil 

2. Brownish or yellow horizon 

3. Horizon of maximum clay and colloids and maximum intensity of coloring from 

iron oxide 

4. Decrease in iron coloring and decrease in clay content or colloids. Gradational. 

Small thickness 

5. Substratum 

Section 3 of this generalized profile for the southern group corresponds to section 4 of 
the profile for the northern group. 


Projile for Sands 


Profile for Heavier Soils 


1. Mold — very thin. (Gray sand, a 

very thin and inconspicuous horizon 
in certain situations) 

2. Brownish humous soil very thin 

3. Dull yellow sand. Horizon of max- 

imum clay and colloids 

4. Decrease in intensity of iron oxide 

coloring. Small tliickncss 

5. Substratum 

Horizon no. 3 of the heavier soils is not a true 


I. Mold and humous soil 


2. Brown or yellowish horizon 

3. Horizon of leaching or light colored 

soil 

4. Maximum clay, or maximum com- 

pactness and plasticity. Gradation 

to 

5. Substratum high in basic and 

aluminic rocks and minerals 
podsolized horizon. 
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A great number of sub-groups and types may be recognized upon the basis of differences 
in thickness, texture, structure, consistency and chemical character, but all have the general- 
ized profiles as stated. 

The laboratory data have been assembled in tables 1-4. 

Discrepancies and inconsistencies appear of which some are easily explain- 
able because of errors in field and laboratory procedure, while others stand as 
negative and ref utive for the present. But the authors feel justified on the basis 
of present field and laboratory investigations in drawing the following con- 
clusions and presenting the following theories as a basis for further work. 

In the typical northern profile, the surface horizon of virgin soils is obviously 
one of accumulation, and the higher contents of calcium, magnesium, nitrogen 
and phosphorus which appear here are believed to be due mainly to organic 
matter or organic compounds containing these elements. Beneath this layer 
of mold soil, the soil forming processes appear to be those of eluviation or 
removal of the more soluble and finer particles, progressively from the surface 
downward, as indicated by the relatively higher proportion of silica in the upper 
part of the profile and increase in calcium and magnesium carbonates with 
depths. However, in the northern profile, there appears to have been de- 
veloped as a subsequent or later phenomenon a brownish or yellowish horizon, 
one of organic accumulation and of concentration of acids, a horizon much 
more definitely marked and more strongly developed than in the southern 
profile. 

It is the presence of the acid layer in a definite position in the profile and the 
strongly marked gray or podsolized horizon which chiefly distinguishes the 
typical northern from the typical southern profile. The gray layer appears 
to have resulted from leaching and it is assumed that organic acids infiltrating 
from the layer of surface mold have played a strong part in its development. 
The relative amount of silica in the gray horizon appears to be higher than 
in the soil horizons below; the content of iron and alumina are fairly con- 
sistently higher in the brown horizon than in the gray; the nitrogen content is 
highest in the surface, lower in the gray horizon, with an up\rard trend in the 
curve for the brown horizon, and again a downward trend to the substratum. 
This condition seems to be true also in a measure for phosphorus. There is no 
conclusive evidence of any concentration of calcium and magnesium or oth^ 
bases in the horizon no. 3, so far as can be determined from the total chemical 
analysis. 

Horizon no. 3 is perhaps the most puzzling feature of the profile in chemical 
nature and origin. The bro^vnish or yellowish color is either in large part or 
entirely organic in nature and organic collodial matter is certainly present. 
The nature of the organic compounds is not kno\vn and their determination 
would probably be a most complex and intricate undertaking. The cause for 
their concentration at a certain position in the profile is equally obscure. An 
alkaline (KOH) solution of the brown matter shows iron, alumina, and silica; 
calcium and magnesium may be present or may be practically absent. This 
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horizon in nature varies from 2 or 3 inches in thickness to as much as 4 feet, 
from an obscure yellow coloration to very dark brown; it appears at 6-30 
inches from the surface. Where the sands prevail there is the most marked 
development in general, where the highest aluminic conditions are at present 
there is the least thickness and most obscure development. 

TABLE 2 


Analyses of soitikern soils 
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cent 

cent 

cent 

cent 

cent 

3015 

1 

88.47 

0.43 

3.23 

0.07 

0.41 

0.28 

0.04 

0.93 

0.07 

0.17 






3016 

2 

94.50 

0.52 

2 . 57 , 

0.04 

0.41 

0.26 

0.05 

0 . 9010.03 

0.03 






3017 

3 

93.15 

0.56 

3 . 30 : 

0,06 

0.41 

0.30 

0.44 

1.02 

0.02 

0.03 






3018 

4 

92.69 

0.60 

3.19 

0.04 

0 . 49 , 

0.30 

0.32 

1.10 

0.03 

0.00 






3027 * 

1 

86.38 

0.76 

1.65 

0.16 

0.34 

0.29 

0.43 

1.08 

0.06 

0.24 


\ 



i 

3028 

2 

89,28 

1.22 

3 . 60 ' 

* 0.12 

0.44 

0.72 

0.65 

0-37 

0.05 

0.05 






3029 

3 

91.92 

1.02 

3.72 

0.06 

0.49 

0.45 

0.57 

0.41 

0.06 

0.02 






3030 

4 

92.66 

0.96 

3.71 

0.08 

0.46 

0.49 

1 

0.78 

0.42 

0.06 

0.00 






3031 * 

1 

78.51 

2.10 

7 .J 

0.34 

1.08 

0.58 

0.57 

1.38 

0.11 

0.27 






3032 

2 

80.78 

2.54 

6.98 

0.15 

0.76 

0.64 

0.42 

1.67 

0.06 

0.04 






3033 

3 

77.91 

3.37 

8.58 

, 0.10 

0.91 

0.89 

0.59 

1.47 

0.05 

0.03 






3034 

4 

76.39 

6.17 

8,02 

0.15 

0.98 

1.03 

0 . 64 * 

1.27 

0.04 

0,01 






3067 * 

1 

74.60 

3.10 

1.85 

0.22 

1.73 

1.95 

1.30 

1.82 

0 . 62 ; 

0.21 

0.15 

0.28 

1.98 

10.33 

1.87 

3068 

2 

77.40 

2.80 

5.18 

0.12 

1.85 

2.03 

1.22 

2.00 

0 . 08 ' 

0.08 

0.12 

0.48 

1.30 

5.16 

0.32 

3069 

3 

76.85 

3.65 

4.48 

0.09 

1.78 

2.10 

1.12 

1.97 

0.05 

0.05 

0.31 

0.53 

1.82 

5 . 70 ^ 

0.07 

3070 

4 

87.01 

2.50 

2.08 

0.05 

1.85 

1.43 

1 14 

1.54 

0.07 

0.02 

0.08 

0.45 

0.38 

1.89 

0.15 

30711 

1 

68.77 

2.25 

1.89 

0.14 

2.20 

2.40 

0.99 

2 . 1410.23 

0.40 

0 . 25 ’ 

0.57 

2.74 

jlS .38 

0.27 

3072 

2 

77.20 

3.10 

3 . 600.08 

1.851 

1.90 

1.11 

2 . 39 : 0 , 24 ' 

0.11 

0 . 15 ' 

: 0 . 40 ' 

1.40 

6.40 

0.19 

3073 

3 

76.08 

3.80 

7 . 040.06 

1.13 

1.70 

1.08 

2 . 640 . 18 * 

0.05 

0.22 

0.60 

1.35 

4.53 

0.18 

3074 

4 

70,14 

3.70 

10.91 

0 , 07 i 

1 . 682 . 350 , 94 , 

2 . 58 , 

0.14 0 . 04 | 

0.14 

0.40 

1.61 

5.31 

0.37 

3075 

Sub 56 . 13 | 

3.80 

6.83 

0.08 

1 

9,60 

5.05 

0.97i 

2.61 

0 . 240.03 

! 1 

'o,15 

0.54 

1 

! i ,04 

1 

12.71 

i 

10.45 


* Analysis by P. S. Brundage, Michigan Agricullural College, 
t Analysis by 0. E. Winter, Michigan Agricultural Experiment Station. 


If it is true in general, as it appears to be, that the more calcareous and 
more clayey soils exhibit the least marked development of horizon no. 3, a 
possible explanation is that a larger proportion of the humic acid is combined 
with calcium and magnesium to form the less soluble humates, whereas with 
the sandier and less basic soils there is not sufficient calcium and magnesium 
to hold the organic acids at the surface and these filtrate downward and at 
certain points in the profile are precipitated or flocculated. Sodium, potas- 



TABLE 3 


Description of soils in northern and transUional group 


laboka- 

torv 

JTOICBER 

HORI- 

ZON 

REAC- 

TION 

LIME 

RE- 

QUIRE- 

MENT 

UNFREE 

WATERt 

(DILATO- 

meter) 

HEAT OF 
WETTINOt 

son. DESCRDPTIOK 



PR 



caLt 


3001 

1 

6.12 

960 

2.3 

125.40 

Transitional soil, deep dry sand. Horizon 

3002 

2 

6.71 

120 

1.3 

43.45 

3 not markedly developed as to the 

3003 

3 

6.51 

320 

1.4 

52.75 

brown organic matter. Horizon 4 in- 

3004 

4 

5.83 

240 

0.5 

13.19 

eludes a part of the substratum. Virgin 







soil, but in old cut-over forest 

3005 

1 

6.73 

600 

2.2 

94.25 

Transitional soil, sand. Brown horizon, 

3006 

2 

5.93 

400 

0.9 

50.62 

no, 3, obscurely developed, substratum 

3007 

3 

5.93 

400 

0.7 

37.58 

clay. Sample from a depth of 5 feet. 

3008 

4 

5.92 

280 

1.1 

24.17 

Virgin soil, but in old cut-over forest 

3009 

Sub 

6.71 

600 




3019 

1 

: 5.60 

1600 

3.3 

153.03 

Typical northern profile, well drained sand; 

3020 

2 

4.58 

600 

0.8 

20.67 

horizon 2 is 10-12 inches in thickness; 

3021 

3 

4.65 

3200 

1.5 

69.80 

horizon 3, brown color from organic mat- 

3022 

4 

4.94 

2240 



ter, strongly marked 

3022^ 

Sub 

5.63 

600 




3023 

1 

5.06 

5200 ' 

4.4 

155.35 

Marked development of brown horizon, 

3024 

2 

4.89 

560 

0.7 

16,82 

no, 3. Sand soil; poor drainage 

3025 

3 

4.48 

8040 

1.4 

140.08 


3026 

4 

4.82 

1220 i 

0.8 

28.87 


30261 

Sub 

5.28 

400 




3039 

1 

7.46 




Loam soil; typical northern profile; brown 

3040 

2 

6.41 

360 



horizon no. 3, is 6 to 8 inches from the 

3041 

3 

5.14 

1560 



surface. No. 4 and substratum, previous. 

3042 

4 

7.47 




reddish, calcareous clay 

3043 

Sub 

8.25 





3044 

1 1 

4.31 

7000 

4.4 

186.79 

Sandy soil, poor drainage; virgin unbumed 

3045 

2 * 

4.28 

320 

0.5 

14.97 

accumulation or organic matter at surface. 

3046 ’ 

3 

4.28 

8000 

2.4 

159.96 

Marked development of brown horizon 

3047 

4 

4.99 

720 

0.1 

16.55 


3048 

2 

5.29 

640 

0.7 

16.23 

Sandy soil and sand substratum; drj" and 

3049 

3 

5.12 

960 

1.0 

37.84 

w^ell drained. Obscure development of 

3050 

4 

5.28 

280 

0.5 

7.64 

brown horizon 

3051 

Sub 

5.17 

200 

0.5 

7.47 


3057 

1 

5.43 

1520 

1.8 

62.62 

Dry sandy soil. Horizon 2, only 2-3 inches 

3058 

2 

4.77 

1240 

1.3 

38.54 

in thickness, not typical podsol, contains 

3059 

3 

4.85 

1240 

1.1 

40.55 

a considerable percentage of organic 

3060 

4 

4.99 

520 

1.1 

17.90 

matter 

3061 

Sub 

5.28 

400 

0.4 

10.37 



* Calcium required to bring two million pounds of soil to the neutral point, 
t Dilatometcrand heat of wetting determinations made by A, G. Weidemann. 
t Calories of heat produced per 50 gm. of soil. 
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TABLE 3 — C<mfinued 


LABORA- 

TORY 

KUUBER 

BORl- 

EON 

EEAC- 

TION 

LIME 

RE- 

QUIRE- 

MENT 

UNFREE 

water! 

(dila* 

IOMETER) 

HEAT OF 
WETTINGt 

SOIL DESCRIPTION 



PH 

lbs* 


cMt 


3035 

1 

5.95 

920 

2.2 

87.18 

Transitional soil, well drained, loose sand 

3036 

2 

4.82 

800 

1.1 

29.58 

throughout; brown horizon, no. 3 poorly 

3037 

3 

4.92 

1000 

1.1 

29.33 

developed. Virgin soil, cut-over forest 

3038 

4 

5.00 

320 

0.7 

18.67 


3076 

1 

6.07 



265.30 

Fairly typical northern soil; sandy loam, 

3077 

2 

5.36 



23.56 

well developed brown horizon, 6-8 in. in 

3078 

3 

5.31 



57.20 

thickness, gravelly substratum alkaline 

3079 

4 

5.46 



11.34 


3081 

1 

7.51 



609.80 

Virgin soil, horizon 1, first 2 inches of forest 

3082 

2 

6.44 



40.79 

mold; well marked brown horizon 24 

3083 

3 

5.28 



98.63 

inches in thickness; substratum at 48 

3084 

Sub 

7.13 



12.49 

inches calcareous sand 

3085 

1 

7.49 



781.10 

Very high percentage of organic matter in 

3086 

2 

6.95 



39.15 

horizon 1. Well marked brown horizon 3, 

3087 

3 

5.88 



53.54 

beginning at 12 inches; substratum, sand, 

3088 

Sub 

7.73 



41.35 

gravel clay mixture, pervious calcareous 

3089 

1 

7.22 



571.90 

Light sandy loam, well drained; horizon 2 

3090 

2 

6.68 



89.69 

contains a high percentage of organic 

3091 

3 

5.73 



45.22 

matter than is typical; fairly well devel- 

3092 

Sub 

7.17 



13.77 

oped horizon. Sand and gravel, pervious 
substratum 

3094 

1 

5.11 




Dry sand, horizons 2 and 3 both poorly 

3094^ 

2 

4.94 1 



33.85 i 

marked in the profile. Loose quartz sand 

3095 

3 

4.94 : 



1 27.66, 

substratum 

3096 

4 

! 5.34 ! 



, 23.00 1 


3097 

Sub 

5.70 ' 



9.20 

j 


3097i 

1 

4.56 



492.20 ' 

Dry sand; horizons 2 and 3 well marked 

3098 

2 

5.66 



10.37 

and 10 and 12 inches in thickness respec- 

3099 

' 3 

5.02 



40.45 

tively. Sample 30101 represents sub- 

30100 

4 

5.39 



16.72 : 

stratum at 12 feet 

30101 

Sub 

5. .65 



5.40 


30102 

1 

: 4.51 ' 



i 

j 198.56 

Transitional soil, well drained loose sand. 

30103 

2 

1 4.26 



1 46.67 

Horizons 2 and 3 obscurely marked in the 

30104 

3 

4.89 1 


32.37 i 

profile 

30105 

4 1 

5,48 


11.26 1 

1 
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TABLE 3— Continued 


LABOSA- 

TORTf 

NUltBER 

HORI- 

ZON 

REAC- 

TION 

LIME 

RE- 

QT7IRE' 

MENI 

UNFREE 
WATER t 
(DILA- 

'to METERS 

HEAT OP 
WETTING t 

SOIL DESCRTPTrON 



PH 

lbs.* 


cat-t 


30106 

1 

7.27 




Old dune sand; brown horizon 3 con- 

30107 

2 

5.43 



4.56 

spicuously marked, reaching a thickness 

30108 

3 

5.41 



40.02 

of 4 feet. Sample 30109 from a depth 

30109 

Sub 

7.57 



10.01 

of 6 ft. 

30110 

1 

4.78 




Sand soil, poor drainage; horizon 3 a dark 

30111 

2 

4.65 



18.15 

color, and slightly cemented 

30112 

3 

4.60 



121.72 


30113 

4 

5,31 



34.12 



sium and nitrogen should show an increase in the third horizon. The chemical 
analyses afford a measure of evidence to support the above theory. 

As the pH data show (5) considerable differences exist in the reaction of the 
various horizons of the soil profiles. The surface horizon may be acid or 
alkaline but the second and third horizon was found to be acid even in the 
limestone soils. The degree of acidity becomes less as the substratum or 
parent material is approached, or the reaction may be alkaline if limestone is 
encountered in quantities sufficient to exert its effects on the fine soil material. 

It is evident from these results that the reaction of the profiles, or of the 
separate horizons, is not a determinative factor in the formation of these soil 
profiles, and that podsolization may take place in acid or alkaline oils; how- 
ever, there appears to be an acid limit, which is in the region of pH 4.3. The 
reaction of these horizons is considered to be the result of chemical actions 
accompanying soil formation processes, and not a contributing cause of these 
processes. 

As to the nature of the soil compounds causing the acid reaction of the 
several horizons, little is known at present. The specific cause of the reaction 
itself is undoubtedly the ratio between concentrations of hydroxyl and hy- 
drogen ions in the soil solutions. In case of the typical northern group of 
podsolized soils there is a concentration of an acid substance or substances in 
the third or brown horizons as shown by their high lime requirements; but in 
the case of the transitional and southern groups, we have no positive data to show, 
whether the increased acidity of the second or third horizons is due to accu- 
mulation of acids or removal of bases; both factors may be operating with 
varying degrees of intensity. The possibility of a change in chemical com- 
position affecting the solubility of the chemical components of these horizons 
must also be considered. Whatever may be said regarding the causes of the 
reaction of soils, we maintain that a specific reaction is the resultant of all its 
contributing causes, and as these causes vary in effect the soil reaction varies 
accordingly. 
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TABLE 4 


Description of soils in southern group 


LABORA' 

TORY 

NL'MBES 

HORI- 

ZON 

REAC- 

TION 

XIME 

RE- 

QUIRE- 

MENT 

ONER EE 

WATER 

(dilatom 

eter) 

HE.AT OF 
WETTING 

SOIL DESCRIPTION 



pH 

lbs. 


'.al. 


3015 

1 

5.43 

1840 

1.8 

75.67 

Loose, dry sand, loose sand substratum, 

3016 

2 

4,87 

760 

0.5 

71 M 

surface, virgin, unburned forest mold 

3017 

3 

4.87 

800 

0.9 

19.15 1 

301S 

4 

6.10 

120 

0.6 

4.50 


3027 

1 

4.82 

2320 

2.7 

109.32 

Well drained sand; mature or old soil. 

3028 

2 

4.43 

1560 

1.4 

49.96 

Horizon 3 in the sample includes a greater 

3029 

3 

5.33 

720 

0.8 

20.53 

thickness than properly belongs to it. 

3030 

Sub 

4.94 

440 

0.8 

17.29 

Substratum a loose incoherent sand 

3031 

1 

6.32 

1160 


179.42 

Loam soil, well drained. Horizons 3 and 4 

3032 

2 

5.43 

1160 


65.52 

friable reddish clayey horizons, with 

3033 

3 

5.19 

1320 


121.94 

maximum clay in horizon 3. Substratum 

3034 

4 

5.33 

1120 


123.91 

coarse, contains horizon limestone and 

3034i 

Sub 





basic rocks 

30118 

1 

5.55 



129.52 

Old, well drained sand soil. Horizon 3 

30119 

2 

5.12 



59.77 

slightly loamy, barely coherent. Sand 

30120 

3 

5.63 



36.63 

and gravel substratum below 4 feet 

30121 

4 

5.39 



23.26 


30122 

1 , 

6.05 



133.53 

Sandy loam soil, no. 3, lightest color 

30123 

2 

5.41 



32.35 

and apparently maximum leaching. No. 

30124 

3 

i 5.31 



24.07 

4, strongly cohesive reddish sandy clay, 

30125 

4 

5.53 



90.36 ; 

18 inches in tliickness. Substratum, 

30126 

5 

7.39 



18,35 : 

gravelly, sandy, calcareous 

3067 

1 

4.23 1 



153.64 ^ 

Dark colored loam, high content of humus 

3068 

2 

1 



112.55 ; 

in surface soil; horizon 3 compact sandy 

3069 ! 

3 


i 


135.39 

clay; horizon 4 at 36 to 48 inches, sand 

3070 i 

4 

i 



39.10 

and gravelly, includes part of substratum 

3071 

1 j 

1 

i 


235,38 : 

Well drained heavy soil; horizon 2 at 4 to 

3072 

2 ! 




106.31 ^ 

8 inches a gray floury silt; horizon 3 

3073 1 

3 ! 




114.88 

mottled plastic clay; horizon 4 pale 

3074 j 

4 




142.98 

yellowish clay; substratum, clay from a 

3075 

Sub 

i 



104.46 

a depth of 4 ft. 


The practical significance of these reaction results should not be overlooked. 
The degree of reaction or chemical composition of the surface horizon may be 
no indication of the reaction or composition of the underlying horizons; also 
they may not indicate adaptation to plant growth. A plant may extend its 
roots into one or more horizons, and thus grow in soils varying in reaction from 
akaline to acid, in soils with various degrees of acidity, or in soils varying greatly 
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in chemical composition. It is evident in this connection that the soil profile 
as a whole is the unit to be considered in questions of plant adaptation or soil 
management. In scientific investigations pertaining to soils, it is also evident 
that soils should be sampled with respect to soil profiles and their horizons and 
not on the basis of linear depths alone. 

In discussing the lime requirement data, consideration should be given to 
the fact that they refer to horizons of virgin soil profiles that vary greatly in 
thickness and represent effects of extreme conditions of soil formation; hence 
these results can not consistently be compared to the lime requirements of 
surface cultivated soils. In case of the southern and transitional groups, no 
marked increase in Ume requirement is shown by the ”no, 3” horizons 
over the others and, in general, the lime requirement diminishes in magnitude 
with depths. In the typical northern profiles, however, a marked accumula- 
tion of acids is shown in the third horizons and also in the surface humus 
layers except in case of the soil no. 3039, in which there is clearly an influence 
by limestone. 

The heat of wetting (1) determinations show fairly consistent differences for 
the different horizons recognized in the field. It is believed that these deter- 
minations reflect differences in the amounts of organic and colloidal matter 
present, of active matter as opposed to the more inert crystalloid matter, and 
of unfree w^ater (2). The heat of wetting is highest for the surface horizon, 
decreases for horizon no. 2, increases for horizon no. 3, and thence shows a 
uniform decrease with depth to the substratum. 

In the typical southern profile, the surface horizon of the virgin soil is one of 
accumulation and accretion as in the northern profile, but beneath this the 
process seems to be one of eluviation. The progressive increase in calcium and 
magnesium carbonates with depth and the sandier and less clayey nature of 
horizon no. 2 afford evidence of this. There is no conclusive evidence so far 
either in the field observations or in the laboratory determinations of a horizon 
of concentration or accumulation formed either through precipitation of 
downward moving soluble matter or through mechanical translocation. No 
one horizon maintains consistently a maximum or minimum degree of acidity 
or alkalinity, but in the case of the heavier soils, w'here the layer of clay or 
maximum colloid content reaches its most marked development, there is a 
suggestion that the highest degree of acidity may prevail in a leached sub- 
horizon resting directly upon the clay layer. 

The nitrogen shows a consistent decrease from the surface downward, that 
is, there is no consistent rise in any horizon beneath the humous soil. The 
iron and alumina are highest in horizon 3 and 4 in the profile of the heavier 
soils. On the assumption that the soil compounds of these elements are the 
more acid and more insoluble, they would persist longer under the action of 
leaching processes. The theory is offered that as no. 3, or the layer of maxi- 
mum clay and colloids, is decreasing in thickness and undergoing transforma- 
tion through removal of its constituents, no. 4 and the upper part of the 
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substratum are concurrently changing to the nature of no. 3, through the 
action of soil weathering or soil forming processes. In the mature soil, 
possibly, an equilibrium has been established. The leaching process in soil 
formation becomes more marked in proceding southward in the United States, 
as the mean temperature becomes higher and the summer rainfall greater, 
until it reaches an extreme in Florida. 

The heat of wetting is high in the surface horizon, evidently because the 
accumulation of organic matter, and highest in horizon no. 3, where it appar- 
ently bears a relation to the maximum clay or active inorganic colloidal 
matter. 

The laboratory investigations as far as they have progressed point to fairly 
consistent physical and chemical differences for the separate horizons as they 
have been interpreted in field studies. The authors believe that such profile 
studies as here outlined constitute a step forward in soil science. The profile 
study of soils will revolutionize the methods of sampling soil and as pointed 
out by Marbut (2) give a new meaning and value to analytical work. Further, 
it compels a new evaluation of soil in ecologic studies, since the soil assumes 
added importance as a factor when the chemical and physical differences of 
the separate horizons are studied in relation to root development. It places 
soil study on a natural basis and in fact lays the foundation of a new science 
which we might name, podology. 
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Field B of the Massachusetts Agricultural Experiment Station has been 
used since 1893 for comparing the effects of muriate of potash and sulfate of 
potash on crop production. The field contains 10 plots of J acre each, which 
are numbered from 11 to 20 inclusive. Those with odd numbers have received 
muriate of potash and those with even numbers, the sulfate. Descriptions 
of the experiments and results are given in the annual report of this station 
in the annual reports for the years 1918 to 1923. 

During the first 7 years, each potash salt was applied annually at the rate 
of 400 lbs. per acre; but since 1900, the quantity has been 250 lbs. Nitrogen 
and phosphoric acid have been supplied in ground bone at the rate of 600 
lbs. per acre annually. In addition to the potash salts and bone, all the 
plots have received applications of lime; but the quantities and time of ap- 
plication have varied with different pairs. 

The plots have been compared in pairs, 11 with 12, 13 with 14, 15 with 16, 
17 with 18, and 19 with 20. Two pairs of plots have seldom been planted 
with the same crop in one year and every pair has borne a variety of crops 
during the experiment. The two salts have differed some in their effects on 
crops. Sulfate of potash has proved superior in production with more crops 
than muriate. A difference in the tints of the foliage upon a pair of plots 
was sometimes striking. Raspberries showed more winter injury on their 
muriate plot, and on one occasion an early frost severely injured squash vines 
on another muriate plot while on the adjoining sulfate plot the leaves Tvere 
scarcely touched. 

On account of the long continued use of the two distinct salts on these 
plots, Director Brooks deemed it important to know whether any cumulative 
effects had developed in the composition of the soil, which would distinguish 
one series from the other. Three pairs of plots were selected, 11 and 12, 15 
and 16, 17 and 18, and samples of the soils were secured in November, 1915, 
after 22 successive applications of the fertilizers. Each plot was sampled 
by making numerous borings with an auger to the depth of seven inches. 


' Published by permission of the Director of the Massachusetts .Agricultural Experiment 
Station. 


107 


SOIL SCIENCE, VOL. XVI, NO. 2 



108 


F. W. MORSE 


When air-dry, the soil was sifted through a standard sieve \vith l-mm. holes, 
•and the fine material used for chemical analysis, The soil has been classi- 
fied as Merrimac sandy loam (5, p. 158). 

Not much information was expected from an analysis by the common 
method of solution with HCl of sp. gr. 1.115, but two composite samples 
prepared respectively from the soils of the muriate plots, 11, 15 and 17, and 
sulfate plots, 12, 16 and 18, were analyzed with the results shown in table 1. 
The analytical work was executed by Mr. C. L. Beals. 

The results are closely parallel and show the uniformity of the two series 
in composition. The widest proportional difference is with sodium oxide, 
but it should be borne in mind that this determination is the most difficult 
one of the series to keep free from errors, so no especial significance can be 
attached to the difference. 


TABLE 1 


Composition of sails of field B 


Constituents 

PLOTS 11, IS, 17 

TREATED WITH 
UU&IATE 

PLOTS 12. 16, 13 
TREATED WITH 
SULFATE 

Silica and insoluble matter 

Per cent 

85.31 

per cent 

84.86 

0.13 

0 15 

Potassium oxide 

0.14 

Sodium o.xidc 

0.21 

Calcium oxide 

0.50 

0.49 

0.72 

Magnesium oxide 

0.69 ^ 

Manganese oxide 

0.09 

0.10 

Iron oxide 

2.58 

2.49 

4.19 

Aluminum oxide i 

4.14 

Phosphoric anhydride 

0.12 

0.12 

Sulfuric anhydiide 

0.08 

0.08 

Volatile matter 

5.35 

5.65 



The samples from the individual plots were next analyzed by methods 
which might show whether the important bases, potassium, calcium and 
magnesium, differed in the solubility of their compounds on the two series. 
Standard fusion methods were used to determine total K 2 O, CaO and MgO, 
while 0.2 N HNO3 and distilled 'water were each used to determine their 
soluble forms, as both solvents have been often used in soil-studies. Suf- 
ficient soil and solvent were used to permit concentration of the solution and 
gravimetric determination of each constituent. 

The only noticeable differences between the two series of soils, analyzed 
plot by plot, were that total lime and available lime were uniformly a trifle 
higher in the muriate soils than in the sulfate soils. The results of the analy- 
ses are averaged in the table. Potash was practically alike in both soils, 
and the amount soluble in 0.2 iV acid was so small that no determination of 
its solubility in water was attempted. The magnesia results were also 
closely alike. 
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The quantities of lime that these plots had received were not uniform in 
amount or year of application. Plots 11 and 12 received 3000 lbs. hydrated 
lime per acre in 1910; plots 15 and 16 received 2000 lbs. per acre in 1905 and 
again in 1915; plots 17 and 18 received only 2000 lbs. per acre in 1915. The 
water-soluble lime was closely alike in all the soils, and this was also shown 
later by the reaction of the solutions. 

The magnesia results by each method are practically alike on the two 
series and are small in quantity by the two solvents. 

In spite of the well known difference in solubility of calcium chloride and 
calcium sulfate, which should be formed by the action of the respective pot- 
ash fertilizers on the lime in the soil, the lime appears to have been removed 
less by the muriate than by the sulfate of potash treatment. 

When the solubiKty effect of rain-water is considered, there is reason to 
expect both compounds of calcium to be completely removed annually, inso- 
far as they are produced by the action of the potash salts. The less soluble 
CaS04 dissolves in water at 18° at the rate of 2.016 parts in 1000 (2), An 


TABLE 2 

Potaskf limt and magnesia in ike soils of field B by different methods^ expressed in percentage 

of dry soil 



K:0 

CaO 

MgO 

M UTiate 
soil 

Sulfate . 
soil 

1 

Muriate 

soil 

Sulfate 

soil 

i 

Muriate 

soil 

Sulfate 

soil 

Total by fusion 

Available by 0.2 n HNOj 

Soluble in water 

per cent ■. 

1.84 

0.012 

per cent 

1.81 
0.011 ' 

per cent 

1.91 

0.175 

0.0105 

1 

per cent 

1.68 

0.162 

0.0106 

per cent 

1.06 1 
0.028 
0.0047 

per cent 

1.09 

0.037 

0.0050 


acre-inch of water should weigh 226,875 pounds and be capable of dissolving 
over 450 pounds of the substance. The application of 250 lbs. of sulfate of 
potash cannot produce more than 195 lbs. calcium sulfate. Therefore, a 
season’s rainfall and percolation should completely remove the calcium com- 
pounds formed by the action of the respective potash fertilizers applied in 
the spring, whether as sulfate or as chloride. 

Further study of the comparative effects on the lime of the soil was made 
by determining the lime requirements of the different plots. It has already 
been mentioned that each pair of plots had received a different amount of 
lime from either of the other pairs. The determinations were made by Mr. 
Beals and both the Veitch (4) and the Hopkins (1, p, 20) methods vrere used. 

Plots 11 and 12 showed like results by both methods. Plots 15 and 16 
differed somewhat, and it was noted when the samples were prepared by 
sifting that the one from 16 contained visible particles of lime. This pair 
of plots was bearing raspberries, which had interfered with thorough surface 
tillage. The second application of Hme was made in the spring of the year 
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in which the samples were taken. The lower lime requirement on plot 16 
is attributed to possible difference in tillage rather than to the lesser effect 
of sulfate of potash. Plots 17 and 18 differed a little, but the two methods 
do not agree in the relative positions of the two. 

Mr. C. P. Jones determined the residual carbonate of lime in four of the 
samples, using Macintire’s method (3, p. 83-97) for determining CO 2 . Plot 
11 contained more carbonate than 12, while plot 15 contained less than 16. 
Therefore no deduction can be drawn from these studies of the lime require- 
ments or residual carbonates that would favor either potash salt. 

The results of these different methods of soil analysis show no evidence 
of cumulative effects or residues due to the continuous use for 22 years of 
two distinctly different potash salts, with the possible exception of the slightly 
greater retention of calcium on the muriate plots. 


TABLE 3 

liimt requirement of soils of field B, expressed in parts p^ million of dry soil 



TREATED WTTH MDRUTE ! 

TREATED WITH SULFATE 

Plot 11 

1 

Plot 15 ’ 

Plot 17 

Plot 12 

Plot 16 

Plot 18 

Hopkins method 

p.pM, 

50.0 

5712.0 

P.pM. 

62.5 

1 5712.0 

p.p.m, 

50.0 

6120.0 

p.p.m. I 

50.0 
5712.0 ! 

p.p.m. \ 

37.5 ^ 
5314.0 

p.p.m. 

75.0 

5712.0 

Veitch method 



TABLE 4 

Residual calcium carbonate in soils of field B, expressed in pounds per acre fool 


TREATED WITH MURIATE 

TREATED WITH SULFATE 

Plot 11 

Plot 15 

Plot 12 

Plot 16 

lbs. 

lbs. 

1 lbs. 

lbs. 

1566 

1236 

, 1170 

, 1688 


Having found but little evidence of cumulative differences in the respective 
effects of long continued yearly applications of muriate and sulfate of potash, 
some studies have been made to ascertain possible temporary differences 
that may arise following their application in the spring. 

In this connection, a percolation experiment by the author assisted by 
Mr. R. W. Ruprecht, will be presented. The experiment was made in con- 
nection with other soil studies but is of use here. Samples of soil were ob- 
tained in July, 1914, from plots 11 and 12, on which, at the time, a crop of 
alfalfa was growing. The samples were obtained by driving cylinders of 
galvanized iron, 3 inches in diameter, vertically downward into the soil to a 
depth of 8 inches. The cylinders and contents were removed intact and taken 
to the laboratory. A perforated cap was placed over the bottom of each 
cylinder, which was then set in a vertical position over a beaker. Water 
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was applied to the top of the cylinder from time to time and allowed to per- 
colate through into the beaker. The object of the experiment was to learn 
the nature of the substances in the drainage-water from these two plots. 

One pair of cylinders was subjected to two percolations of 500 cc. each. 
A second pair underwent six percolations of 500 cc. each. A third pair was 
first saturated with water and allowed to stand 24 hours before adding more, 
after which it was subjected to five percolations of 500 cc. each. Each 500 cc. 

TABLE 5 

Composition of percolates from soils of field B, expressed in parts per million of solution 


TOTAL SOLIDS IS SUCCESSIVE PERCOLATES 



1 i 

2 

3 

4 

5 ' 

6 


1 

p.p.m. j 

p.p.m. 

p.p.m. 

1 p.P’fn. 

p.p.m. ■ 

p.p.m. 


Experiment 1 {air-dry soil) 



526 

152 



Sulfate soil 

270 

172 







Experiment 2 {air-dry soil) 


Muriate soil ^ 

442 

114 

100 

92 

92 i 

98 

Sulfate soil 

246 

174 

124 

38 

80 

80 


Experiment 3 {core first saturated for 24 hours) 



138 

80 ' 

100 

72 

60 

Sulfate soil 

320 

138 1 

110 

104 ; 

62 



AVERAGE COMPOSITION OF ALL PERCOLATES 



Total 

solids 

CaO 

Cl 

SOi 

NajO 

Muriate soil 

p.p.m. ; 

159 

151 

p.p.m. \ 

26 

37 

p.p.m. 

18 

3 

p.p.m. 

18 

40 

p.p.m. 

20 

20 

Sulfate soil 



of water on the surface of the cylinder was equal to a depth of 4.4 inches 
and therefore was equal to that depth of rainfall. 

Total solids were determined in each 500 cc. of percolate. Determinations 
of CaO, Cl, SOs and Na20 were made in the combined percolates from the 
respective plots, after concentration to a small volume. 

The total solids in the percolates decreased sharply after the first portion 
had passed, which is the usual result in such experiments. In experiment 3, 
the increased solubility of the sulfate soil over that of the muriate soil, which 
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is Striking, may be due to the previous saturation for 24 hours; but it may 
also be due to the places on the plots from which the samples came. These 
lots of soil were not composite samples from their respective plots, but were 
small cores removed bodily and unmixed with other similar cores. 

Only a trace of potassium could be found in the percolates. Chlorine and 
sulfuric acid varied as would be expected in accordance with the potash salt 
used. Sodium did not vary between the two plots, but calcium was notably 
less concentrated in the percolates from the muriate soil. This may be at- 
tributed to its greater solubility as calcium chloride and early removal after 
application of the fertilizer; but it also ties up with the higher amount of 
calcium obtained from the muriate soil in weak HNOs, and by fusion. 

An absorption study was made with the assistance of Mr. Beals in the win- 
ter of 1916, to learn what the immediate effects were of solutions of potas- 
sium chloride and potassium sulfate respectively, on the two soils of field B. 
The soils were from the two series of plots, 11, 15 and 17 forming the muriate 
samples, and 12, 16 and 18, the sulfate samples. The soil samples were those 
already mentioned as secured in November, 1915. 

Two hundred grams of the muriate soil were allowed to stand in contact 
with 1000 cc. 0.1 N KCl in a large flask, for 48 hours, while 200 gms. of 
the sulfate soil were in contact with 1000 cc. 0.1 A K 2 SO 4 . During w^orking 
hours, the mixtures were frequently shaken, and at the end of the period, 
the solutions were filtered and analyzed. The period of time was too short 
to produce equilibrium; but it should show the direction of the reaction be- 
tween the potassium salts and the soils. 

Potassium was absorbed more freely from the KCl than from the K2SO4. 
A little of the Cl was retained by the soil, probably by adsorption of un- 
changed KCl; but from the sulfate soil there was actually extracted SO4 
in addition to that contained as K2SO4. 

Less Ca was removed by the KCl, which instead appeared to exchange 
places with Na, since there was much more sodium in the chloride solution 
than in the sulfate solution. 

Al, Fe and Mn were found in traces in the solutions. This removal of 
sodium instead of calcium by the chloride solution is in harmony with the 
differences observed betw^een the calcium results in the other studies. 

The experiments were repeated in full, so that results were obtained on 
the six individual samples in duplicate. Absorption experiments are diffi- 
cult to execute with closely parallel results, since the phenomena are both 
physical and chemical and invariable conditions are nearly impossible to 
maintain. The results all deviated in the same direction however, and the 
averages given in the table undoubtedly show the relative behavior of the 
two solutions on their respective soils. 

Water extracts were made from each of the 1915 soil samples by shaking 
50 gms. of soil with 500 cc. of water The shaking was done at short inter- 
vals during an hour, and then the mixture was filtered through a small paper 
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fitted into a 3-mch funnel. The paper and a portion of the funnel were at 
once filled with the soil, and the filtrate was refiltered through the mass until 
clear. Thus the solution was practically a filtrate through soil supported 
by a small paper that was soon saturated with absorbed salts. 

Portions of the extracts were concentrated in platinum dishes, after the 
addition of a few drops of phenolphthalein. The extracts from 11 , 12, 15 
and 16 turned pink when the volume had been condensed to less than one- 
fourth, while that from 17 turned just before dryness and the extract from 18 
failed to change. In this qualitative comparison the extracts from the muri- 
ate soils were slightly ahead of those from the sulfate soils in reaching al- 
kalinity. The effect on the indicator during concentration is doubtless due 
to the hydrolysis of calcium bicarbonate or calcium silicate. 

Samples from the same plots taken one year later, in November, 1916, 
were extracted wath water in the manner just described. Concentration of 

TABLE 6 

A hsorpiion experiments mth soils of field B 

Muriate soils treated with 0.1 n KCl, sulfate soils with 0.1 n K 2 SO 4 . Absorption and extrac- 
tion in milligrams per 100 grams soil 



MU2IA.TE son. 

SULFATE son. 



mgm. 

K absorbed 

204 

161 

Cl absorbed 

19 


SOi extracted 


103 

Ca extracted 

47 

55 

Mg extracted 

6 

8 

Na extracted 

169 

55 


Traces of A1 and Fe in all solutions. Trace of Mn found in but one solution from Plot 18. 


portions of these extracts were made in platinum dishes, after addition of 
rosolic acid as an indicator. The extracts from 11 and 12 quickly turned 
to the neutral tint of this indicator but failed to show any alkalinity on fur- 
ther evaporation to dryness. The extracts from 17 and 18 retained the yel- 
low or acid tint of the indicator throughout the operation. Apparently in 
the intervening year, the residual calcium carbonate had disappeared from 
these soils. Extracts were not prepared from plots 15 and 16. 

The hydrogen-ion concentration was measured colorimetrically in these 
four extracts. The pH values were between 6.2 and 6.4, and the tints of 
the muriate solutions matched those of the corresponding sulfate solutions. 

SUMMARY AND CONCLUSIONS 

Soil from three plots treated for 22 years with muriate of potash, has been 
compared in its chemical behavior Avith soil from 3 adjacent plots treated 
during the same time with sulfate of potash. 
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Analyses of these soils showed slightly more lime in the muriate series 
when determined by fusion and by 0.2 N HNO 3 . All other results were 
practically alike in both soils. 

Percolation experiments with columns of soil taken directly from the plots, 
yielded slightly more total solids from the muriate series, while the sulfate 
series gave the higher lime. A tenth-normal solution of K 2 SO 4 dissolved 
more Ca from the air-dry sulfate soils than a similar solution of KCl removed 
from the muriate soils. The KCl solution removed more Na than Ca. 

The reactions of water-solutions of the soils were very slightly acid, and 
least in those from the muriate soils. 

It is concluded that the long continued use of the two potash salts produced 
no important cumulative differences in the chemical properties of this soil, 
and that muriate of potash is no more and possibly less exhaustive of lime in 
the soil than sulfate of potash. 
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THE INFLUENCE OF THE NITROGEN TREATMENT ON THE CON- 
TENT OF NITROGEN, CARBON AND PHOSPHORIC ACID 
IN A SOIL VARYING IN MECHANICAL COMPOSITION' 
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New Jersey Agricultural Experiment Stations 
Received for publication June 21, 1923 

The soil under observation was cropped for 10 years in cylinders of the 
type used at this station, in carrying out a study of the influence of the mechan- 
ical composition of the soil on the availability of nitrogen in nitrate of soda 
and dried blood (2). 

The soil is a loam belonging to the Penn series and was modified for this 
work by introducing varying percentages of a rather coarse sand. Thus in 
addition to the loam soil alone, there -were mixtures of this containing 10, 20, 
30 etc. up to 100 per cent of sand (the 60 per cent sand mixture was omitted). 

With the exception of 1911 when com was growm, two crops have been 
grown each year for the 10 years. All of the cylinders received liberal appli- 
cations of acid phosphate and muriate of potash, and lime was applied at 
intervals, so that acidity was not a limiting factor. 

For each soil mixture two cylinders received no nitrogen, two received 
nitrate of soda at the rate of 320 pounds per acre and two received dried blood 
equivalent to the nitrate of soda. The fertilizers were applied annually to 
the first crop. 

With the completion of the work in the fall of 1920, samples of soil were 
collected from all of the mixtures and these have been analyzed for total 
nitrogen, carbon and phosphoric acid. The analytical results are shown in 
table 1 along with the average yields of dry matter for the 9 years— 1912 to 
1920 inclusive (the figures for the com of 1911 are included but are omitted 
from the averages). 

A study of these figures shows that the yields from the check cylinders 
(no nitrogen) are much lower than those from cylinders where nitrate of soda 
and dried blood were used. In a number of cases the latter were more than 
twice as large as the former. This is shown by the final averages. The 
9 year average of all check cylinders \ms 57.6 gm.; of all nitrate of soda cylin- 
ders 132.6 gm., and of all dried blood cylinders 120 gm. The highest average 
yield for the nitrate of soda cylinder w'as on the 10 per cent sand series. Up 
to 30 per cent sand the decrease in yield w^s slight. From this point on, 
there is, with one exception, a gradual decline in yield. 

^ Paper No. 135 of the Journal Series New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. 
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It is interesting to compare these figures giving the yields of dry matter, 
with the figures for the total nitrogen in the soil, for the three treatments 
at the end of the 10-year period. From an examination of the table it is at 
once apparent that there is very little difference between the nitrogen content 
of the soils that received no nitrogen during the 10 years and those that re- 
ceived the nitrate of soda and dried blood treatment. To take a specific 
case the check cylinders with 50 per cent sand show a nitrogen content of 
0.0583 per cent nitrogen, whereas the corresponding nitrate of soda cylinders 
show 0.0608 per cent nitrogen. The difference is so slight that it is easily 
within the limit of error. The average yield for the nitrate cylinders how- 
ever is more than twice as great as the average for the check. Furthermore, 


TABLE 1 

The influence of tke nitrogen treatment on the yield of dry matter and the composition of the soil 


SOIL MIXTURE 


Loam soil.. . 
10% sand.. . 
20% sand.. . 
30% sand.. . 
40% sand... 
50% sand.. . 
70% sand.. . 
80% sand.. . 
90% sand.. . 
100% sand.. 


Iyield of dry matter, 
9 AVERAGE 


Average. . 


81.4; 

89.3 

70.5 


68. 6iI56 
65.4|153 
68.6il52 
46.ljl34 


42.0 

27.9] 

16.3 


57.61 


TOTAL NITROGEN IN SOIL 
AFTER 10 YEARS OF 
CEOFPING 


■TOTAL CARBON IN SOIL| 
AFTER 10 YEARS 
OF CROPPING 


per 

cent 


Per 

cent 


9 
9 
6 
2 
7, 

8l0.0583|0 


1112 
0980| 
0848 
0705j0 


per 


1103,0 
09000 
07930 
06730 
06180.0660!0 


0608|o 
0332:0 
0252|0 
0159:0. 01810 

00930.0107,0 


0300|0.( 
0240 : 0 .( 


1049 

09641 

0843| 

0776| 

0681 

0634j 

03821 

0307 

0201:0 

0093 '0 


per 

cent 


per 

cent 


TOTAL phosphoric 
ACLD AFTER 10 YEARS 
OF CROPPING 


1231.1200.9900.175 0 
9580. 853;0.993p. 155 0 


75o|o. 930:0 
67510.783 0 
868p.773;0 
7250. 765^0 
343!o.440fi 
333|0.308|0 
228i0.295'0 
2150. 195D 


per per 

cent cent 

.175 0.164 
154 0.167 
15llo.l48 


8700.145;0. 

.838P. 145,0. 130|0. 129 


855 0.1300.130,0.132 
8100. 1270. 1230. 133 


4450. 118;0. 116:0. 106 
097|0.112 




373.0. 108 0.1 

358. 0. 07910.090 0. 107 
15o'o. 073:0. 075 0.054 


( 


132.6)120.00.0546 0,0579 0.05930.622 0.616 0 

j I i j III 


668 0.126|0. 124^0. 125 


the 50-per-cent-sand cylinders gave an average yield of 152.1 gm. of dry 
matter as against an average of 157 gm. for the loam soil, notwithstanding 
the fact that the latter contains nearly twice as much nitrogen as the former. 

With the 80-per-cent-sand mixture the nitrate of soda cylinders gave an 
average yield of 110.5 gm. of dry matter as against an average of 42 gm. for 
the check cylinders, although the percentage of total nitrogen in these two 
soils differs by only 0.0012 per cent. 

The figures for total carbon in the soil are quite parallel to those for total 
nitrogen. Here again the differences between the percentage of carbon in 
the check cylinders and the nitrate of soda cylinders falls within the limit of 
error. It may be pointed out that roughly speaking, up to and including 
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the 70-per-cent-sand mixture, there is about 10 times as much carbon in these 
soils as there is nitrogen. 

It is of interest to note that the average percentage of nitrogen and carbon 
for all the soil mixtures is slightly higher with dried blood than with nitrate 
of soda, whereas the figures for the average yields of dry matter are just the 
reverse. 

Here then is a series of soil mixtures a part of which have received for 10 
years nitrogenous fertilizers equivalent to 320 pounds of nitrate of soda per 
acre and others which have received no nitrogenous treatment during this 
period, and at the close of the period the difierence between the total nitrogen 
and carbon content of the treated and untreated soils is very slight. At the 
same time the nitrogen treated soils have yielded on an average more than 
twice as much crop substance as the untreated soils. The fact that there has 
been no appreciable increase in the nitrogen content of the soils that have 
received the nitrogen fertilizers, over those that have received no nitrogen 
for 10 years, would lead one to conclude that the applied nitrogen has consti- 
tuted a “revolving fund” which was being drawn upon to the full extent, by 
the crops and by the forces which either destroy nitrogen compounds or cause 
them to leach away. In other words, under the cropping system used there 
could be no appreciable accumulation in the soil of .the applied nitrogen. 
The averages do indicate a very slight tendency towards accumulation, but 
this may be an apparent rather than a real difference. 

If there remains any doubt in the mind of anyone as to the failure of a 
chemical analysis of the soil, taken alone, to determine its crop-producing 
power, certainly these figures should dispel such doubt. 

It is quite evident from these results that a soil which is low in total nitro- 
gen may be quite productive if the supply of available nitrogen is well main- 
tained during the growing period. On the other hand a soil may show a 
high percentage of total nitrogen while at the same time it produces low 
yields, due to a deficiency of available nitrogen. 

The work bears out, in a striking manner, the conclusion which Hilgard (1) 
reached nearly 20 years ago, namely, “The impossibility of judging correctly 
of a soil’s productiveness from the percentage of chemical ingredients alone.” 

A soil of the character of the 40 or 50 per cent sand mixture, having a low 
percentage of total nitrogen, may give good yields if available nitrogen is 
applied at the right time. However, it does not follow that this is an econom- 
ical method of getting good yields. It frequently pays to “build up” the 
total nitrogen, so that there may be a larger natural supply of available 
nitrogen; but this, it must be remembered, is a slow process, especially in the 
case of sandy soils where bacterial decomposition goes on rapidly. It is 
under such conditions that careful attention must be given to the “revolving” 
supply, that is the available nitrogen. 

Russell (3) has pointed out that so far as our present knowledge goes it is 
impossible to maintain a high content of nitrogen on cultivated land except 
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at a wasteful expenditure of nitrogenous manure. In another place Russell 
(4) expresses the thought that the yield of crops under British conditions was 
perhaps more limited by the amount of nitrate present than by any other 
single factor. 

Apparently the nitrogen treatment has had no influence on the phosphoric 
acid content of the soil. In practically every case, for a given soil mixture, 
the percentage of phosphoric acid is essentially the same for the three treat- 
ments. The average percentage of phosphoric acid for all the mixtures that 
received no nitrogen (check) is 0.126 per cent; the average for those that re- 
ceived nitrate of soda is 0.124 per cent and for those that received dried 
blood 0.125 per cent. 

In this connection it will be remembered that the phosphoric acid treat- 
ment was uniform for all cylinders and since the nitrate of soda and dried 
blood cylinders yielded larger crops than the check cylinders, it necessarily 
follows that the crops from the former removed more phosphoric acid than 
the crops from the latter. Since the analysis shows that there was no essential 
difference in the phosphoric acid content of the soils at the end of the 10 year 
period, it seems reasonable to conclude that the check cylinders have lost 
more phosphoric acid through leaching than the nitrogen treated cylinders. 
This is what we should expect. With diminished crops there is greater 
opportunity for loss through leaching. The smaller the root system the 
less the amount of organic matter to catch and hold dissolved mineral matter. 

SUMMARY 

For a period of 10 years equivalent amounts of nitrogen in the form of 
nitrate of soda and dried blood were compared in cylinder experiments on a 
soil varying in mechanical composition, from a loam to a coarse sand. 

With the exception of the first year, two crops were grown each year, the 
fertilizer in every case being applied for the first crop. 

The 9-year average yields of dry matter are reported for the check treat- 
ment (no nitrogen), nitrate of soda treatment and dried blood treatment. 

These yields are compared with the percentage of nitrogen, carbon and 
phosphoric acid, in the various soil mixtures, at the end of the ten years. 

Attention is called to the wide difference in the yields of dry matter on the 
check cylinders as compared with the nitrogen treated cylinders, and the 
slight difference in the percentage of nitrogen and carbon in the soils from 
the cylinders receiving the three different treatments. 

The work emphasizes very strongly the importance of available nitrogen 
as distinct from total nitrogen, and likewise the failure of the determination 
of the chemical ingredients of a soil in forcasting the productiveness of that 
soil. 

The phosphoric acid content is essentially the same in the soils without 
nitrogen treatment as in those which received the nitrate of soda and dried 
blood treatments. 



INTLUENCE OF NITROGEN TREATMENT ON SOIL COMPOSITION 119 


There is indirect evidence that the check cylinders lost more phosphoric 
acid through leaching than the nitrogen treated cylinders. 
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INTRODUCTION 

The data hitherto published would indicate that the practice of using air- 
dry soil samples for hydrogen-ion determinations is satisfactory, especially if 
these are acid. Our studies lead us to conclude, however, that the only 
reliable indication of conditions existing in the field are obtained when hydro- 
gen-ion determinations are made with soils samples taken freshly from the 
field. 

Burgess (2) working with Miami silt loam from a series of plots at the Rhode 
Island Station found that both air-drying and oven-drying had little or no 
effect upon the pH values of acid soils but that drying alkaline soils rendered 
them somewhat less alkaline. Arrhenius (1), reporting the effect of drying on 
the hydrogen-ion concentration of one alkaline soil, found that neither air- 
drying nor drying by heat at 100°C. and 150°C. brought about any change in 
pH values as determined by the indicator method. 

Preliminary determinations showed that some of the Minnesota soils with 
which we were working changed considerably in pH values upon becoming air- 
dry. Later we have made determinations on many of our samples both while 
still fresh and moist from the field and again after allowing them to become 
air-dry. With a small number we have studied the effect of oven-drying at 
110°C. of moistening with distilled water after air-drying, and of storage in 
moist condition in air-tight glass containers. The effect of drying upon the 
indication of acidity as shown by the qualitative potassium thiocyanate 
method was also tested. 

The hydrogen-ion concentration determinations were made by the gas chain 
electrometric method, using a modification of Knight’s electrode vessel (3) 
with bubbling hydrogen and constant mechanical shaking. Double electrodes 
inserted in the vessel afforded an opportunity for checking the correctness of 
each determination. The electrodes were checked against a standard soil 
at the beginning of each run and aU potentiometer readings were calculated 
to 25®C. 

' Published with the approval of the Director as Paper No. 388. of the Journal Series of 
the Minnesota Agricultural Experiment Station. 
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EEEECT OE AIR-DRYING 

The effect of air-drying upon samples taken from the same field but from 
plots having different lime or marl treatment is shown in table 1. The fields 
from which these samples were taken are some upon which liming experiments 
are in progress. The soils of these fields range in texture from silty clay loam 
to loamy sand. Where the samples became less acid on drying the difference 
is indicated by a minus (— ) sign. 

In the case of fields A and B the difference in hydrogen-ion concentration 
between moist and air-dry soil is not great nor is the difference between in- 
dividual samples marked. The samples from field C showed a slightly greater 
difference but not a marked variation from the average, while those from fields 


TABLE 1 

Hydrogen-ion concentration of fresh and air-dry soil samples from five experimental fidds 


SAMPLE 

NUM- 

BER 

FIE LD A, SILT LOAM 
(WATER-IATO) 

field B, Sn-XY CLAY 
LOAM (glacial^ 

FIELD C, SILT LOAM 

(loessial) 

FIELD D, LOAMY SAND I 
(glacial OtITWASH) 

FIELD E, SILTY CLAY 
LOAM (gLAOALJ 

£ 

Air-dry 

Difference 


Ail -dry 

Difference 


D 

< 

Difference 

1 

£ 

Air-dry 

i 

1 

i 

B 1 
fi: 

Air-dry 

Difference 


PH 

PB 

pB 

PB 

PH 

PB ! 

PB 

pa 

PB 

PB 

PB 

pa 

pa 1 

pB 

PB 

I 

5.75 

5.61 

0,14 

5.78i 

5.74, 

0.04 

5.58 

5.24 

0.34; 

5.50: 

5.79 

,-0.29 

5.54 

5.14 

0.40 

2 1 

5.77 

5.73 

0.04 

5.87i 

5.95 

-0.08i 

5.71 

5.36 

0.35; 

5.83 

6.32 

-0.49i 

5.65! 

5.29 

0.36 

3 

5.80| 

5.95j 

-0.15 

5.88 

5.83 

0.05 

5.88, 

5.48^ 

0.40, 

6.29, 

6.39 

-0.10 

5.65 

5.48 

0.17 

4 

5.88 

I5.88j 

0 i 

5.90 

5.76 

0.14 

'6.07 

5.6l' 

0.46i 

6.54 

6,12 

0.42 

5.87 

5.54| 

0.33 

5 

6.04 

'5.95 

o.a 

5.90 

i5.80' 

0.10 

'6.22 

6.17 

0.05 

6.54 

6,44 

: 0.10 

6.04 

5.61| 

-0.43 

6 

6.07 

5.95 

0.12 

6.02 

5.85 

0.17 

6.48 

6.27 

0.21 

7.34 

7.30 

0.04 

6,26 

5.11 

1.17 

7 

5.99 

6.19 

-0.20 

6.04 

5.95 

0.09 

6.63 

6.51 

0.12 

7.37 

7.66 

-0.29 

6.36 

'5.95i 

0.41 

8 

6.05 

5.97 

' o.os 

6.19 

6 07 

* 0.12 

7.51 

V.13 

0.38 

7.54 

7.56 

O 

O 

1 

'6.54 

5.90] 

0.64 

Average 


0.07 



0.08 



0.29 



-0.07 



0.49 

Range. . . 


0.29 



0.25 



0.41 



0.91 

1 


1.00 


D and E showed a wide range in the difference between moist and air-dry soil 
and a few instances of large differences between the two conditions of moist- 
ness. The acid samples showed as great a change on air- drying as did the 
alkaline ones. Some of the samples became more acid and others more alka- 
line on drying but most frequently they became more acid. From the data it 
appears that a constant difference between moist and air-dry samples cannot 
be assumed for any individual field without establishing this by a sufficient 
number of preliminary determinations. 

In table 2 are reported the pH values of moist and air-dry samples of glacial 
and loessial soils taken from well distributed localities in Minnesota. The 
samples, from a depth as great as six feet, were divided into two groups, surface 
and subsoil, all samples taken below the surface six inches being included under 
the designation of subsoil. A pH value of 7.07 was taken as neutrality. The 
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samples were divided into groups having a difference in pH of 0.5 and ranging 
from 5.08 to 9.57. The glacial soils show a more marked increase in acidity 
upon drying than do the loessial. The greatest difference in the case of the 
surface soils of the glacial group occurred in those soils with original pH values 
6.58 to 7.07. The samples with pH values of 6.08-6.57 and 6.58-7.07 showed 
more change than those of the two groups between pH 7.08 and pH 8.07. With 
the subsoils the changes became more marked as the soils became more 
alkaline. The acid soils of both the surface and subsoil groups showed con- 
siderable change upon air-drying. 


TABLE 2 


Hydrogen-ion concentration of fresh and air -dry glacial and loessial soil samples 


RANGE IN pH 
VA1U£S 

DIPFEEENCE IN pH VALUES OF FRESH ANU I 

I AIR-DRY LOESSIAL SOIL ! 

.. . i 

DIFFERENCE IN pH VALUES OF FREim AND 
AIR-DRY GLACIAL SOIL 

Number i 
samples 
tested 

Mioinium 

, Maximum 

Average 

Number 

samples 

tested 

Minimum 

Maximum j 


Surface soil 


5 , 03 - 5.57 

3 

0.24 

0.57 

0.39 

2 

0.12 

0.25 

0.18 

5 . 53 - 6.07 

16 

- 0.05 

0,73 

0:39 

14 

0.11 

0.64 

0.36 

6 . 03 - 6.57 

9 i 

0.32 

1.24 

0.64 

3 

0.56 ; 

0.86 

0.74 

6 . 58 - 7.07 

' 3 

0.48 ! 

0.73 

0.62 

1 

1.05 

1.05 

1.05 

7 . 08 - 7.57 i 

0 




2 

0.65 

0.66 

0.66 

7 . 58-^. 07 

0 




1 

0.74 

0.74 

0.74 


Subsoil 


5 . 08 - 5.57 

1 

0.52 

0.52 

0.52 

1 

0.25 

0.25 

0.25 

5 . 58 - 6.07 

8 

0.07 

0.71 

0.31 

15 

0.16 

0.94 

0.50 

6 . 08 - 6.57 

8 

0.20 

0.98 

0.57 

12 

0.25 

1.38 

1 0.68 

6 . 58 - 7.07 

3 

O.lS 

0.80 

0.50 

5 

0.44 

: 1.21 

0.84 

7 . 08 - 7.57 

1 

0.52 

0.52 

0.52 

11 

1 0.51 

1.17 

0,72 

7 . 58 - 8.07 

0 




13 

0.43 

1.38 

0.89 

8 . 08 - 8.57 

0 




6 

0.42 

1.54 

0.91 

8 . 58 - 9.07 

0 




5 

0.98 

1.19 

1.11 

9 . 08 - 9.57 

0 




1 

0.98 

0.98 

0.98 


The loess soils showed a fairly constant change in hydrogen-ion concen- 
tration for surface soil and subsoil and for both acid and alkaline samples. 

In determining the effect of air-drying upon the reaction obtained by the 
qualitative potassium thiocyanate method, approximately 10 gms, of soil were 
placed in a test tube, 10 cc. of a saturated ethyl alcohol solution of potassium 
thiocyanate added, the test tube stoppered and thoroughly shaken. After 
standing 15 minutes the color of the supernatant liquid was observed. It 
was found possible to distinguish five degrees of acidity which may be desig- 
nated: very slight, slight, medium, strong and very strong. The reaction of 
both the fresh and air-dry soil was determined with 76 samples. Five, all 
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of which were neutral, showed no change while 71 became more acid upon 
air-drying. The amount of change bore no relation to the degree of acidity. 
Thirty-five samples changed one degree, nineteen changed two degrees, and 
seventeen changed three degrees. 

EFFECT OF OVEN-DRYING 

The effect of oven-drying upon the hydrogen-ion concentration as compared 
with air-drying is shown in table 3. For all the samples tried over-drying 
rendered both acid and alkaline soils more acid than when fresh and in all but 
four cases more acid than when air-dry. This effect was more pronounced with 
the samples of loess and sandy soil from glacial outwash, than with the glacial 
soils. 

TABLE 3 


Hydrogen-ion concentration of fresh, air-dried and oven-dried soil samples 


SAMPLE 

NUMUEIL 

GLACIAL 

GLACIAL OLTWASH 

LOESSIAL 

Fresh 

Air-dry 

Oven -dry 

1 

Fresh 

Air-dry 

1 Oven- 
dry 

Fresh 

Air-dry : 

Oven- 

dry 


tH 

PH 

pn 

PH 

pn 

pH 

pH 

PH 

pH 

1 

5.60 

5.58 

5.04 

6.32 : 

5.33 

\ 5.21 

5.85 

5.63 

4.60 

2 

6.12 

5.90 

5.75 

6.37 

5.75 

5.55 

5.87 

5.80 

5.33 

3 

6.20 

5.90 

5.55 

6.78 

6,34 

6.18 1 

5.90 , 

5.75 

5.16 

4 

; 7.30 ! 

6.64 1 

7.13 

6.96 

6.22 

5.98 1 

5.97 1 

5.70 , 

4.92 

5 

8.00 1 

7.39 ^ 

7.79 

7.00 

6.39 

6.17 j 

6.32 : 

5.90 

5.19 

6 

' 8.40 , 

7,96 

8.00 

7.11 

6.48 1 

6.26 j 

6.46 ' 

6.26 

5.99 

7 

8.79 

8,34 , 

8.30 

7.20 j 

6.54 

6.04 

1 i 

6.63 

6.12 

5.34 


EFFECT OF MOISIENTNG AIR-DRY SAMPLES 

In order to determine whether samples would return to their original 
hydrogen-ion concentrations and in what measure if moistened after air- 
drying and allowed to temper, a set of the air-dry samples was moistened with 
distilled water and placed in air-tight glass containers. The hydrogen-ion 
concentrations were determined at the end of 1,3, 23, 40 and 60 days and are 
reported in table 4. At the end of 1 and 3 days the two samples tested were 
still more acid than the original moist samples and all were set aside for 20 
days. At the end of this time all were decidedly more acid than the air-dry 
samples with the exception of no. 7 and at the end of 40 and 60 days there was 
little further change. Thus it appears that soils which have become air-dry 
when remoistened and allowed to temper have a hydrogen-ion concentration 
no more nearly correct than the air-dry samples. 

EFFECT OF STORAGE IN MOIST CONDITION 

The effect of storage of fresh moist soils in air-tight containers on the 
hydrogen-ion concentration is shown in table 5. The change in pH values 
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varies from 0.02 to 0.64 with a range of 1.24 (-0.64 to +0.60). There is no 
relation in this case between the degree of acidity or alkalinity and the ultimate 
reaction. It would appear that soils kept in storage in this manner for any 
length of time are no more valuable than if they were allowed to become 
air-dry. 

TABLE 4 


Hydrogen-ion concentration of fresh, air-dried and remoistened soil samples 


SAifPLE 

ruESH 

AIR-DRY 

RESIOLSTENED AND TEMPERED: 




1 day 

3 days 

23 days 

40 days 

60 days 

1 

5.44 

5.19 

.... 


5.26 

5.33 

5.28 

2 

5.60 

5.46 



5.07 

5.09 

5.04 

3 

6.07 

5.82 



5,34 

5.38 

5.29 

4 

6.14 

5.92 



5.38 

5.39 

5.31 

5 

6,20 

5.90 



5.55 

5.50 

5.50 

6 

6.32 

5.90 1 

6.15 

5.90 1 

5.12 

5.09 

5.02 

7 

7.19 

6.54 

6.93 

6.92 

6.14 1 

6.09 

6.15 


TABLE 5 


Hydrogen-ion concentration of fresh and stored samples of soil 


SAMPLE 

NIMUER 

rsESH 

AFTER 3 
MO>THS 

UIFFEREVCE 

SAMPLE 

NUMBER 

FRESH 

AFTER 3 
i MO.VTHS 

DIFFERENCE 


' pH 

pH 

pH 


pH 

pH 

pH 

1 

5.36 

4.97 

. + 0.39 

11 

6.27 

5.95 

+ 0.32 

2 

5.56 

5.63 

- 0.07 

12 

6.27 : 

6.05 

+ 0.22 

3 

5.61 

5.53 

+ 0.08 

13 

6.48 

6.37 

+ 0.11 

4 

5.71 

5.51 

+ 0.20 

14 

6.54 

7.10 

- 0.64 

5 

5.75 

5.31 

+ 0.44 

15 ' 

6.54 

6.07 

+ 0.47 

6 

5.90 

6.54 

- 0.64 

16 ■ 

6.66 ; 

6.64 

+ 0.02 

7 

6.00 

5.87 

+ 0.13 

17 

6.91 

6.83 

+ 0.08 

8 ! 

6.04 

5.64 

+ 0.40 

18 

7.51 

7.22 

+ 0.29 

9 ; 

6.22 

6.15 

+ 0.07 

19 

7.96 

7.52 

+ 0.44 

10 

6.26 

5.66 

+ 0.60 

20 

8.05 

7.56 

- 0.49 


SUM1L\RY 

The effect of air-drying and oven-drying upon the hydrogen-ion concen- 
tration of soil samples was determined as was also the effect of moistening and 
tempering samples of soil which had become air-dry and of storing the fresh 
moist samples in air-tight containers. The effect of air-drying upon the reac- 
tion of soil samples was tested also by the qualitative potassium thiocyanate 
method. 

Soil samples from five fields upon which liming experiments are in progress 
showed differences in the pH values between the fresh and air-dry samples 
varying from pH 0.03 to pH 1.17. With two fields the differences were small; 
with two others, large; and with one, intermediate. The acid samples showed 
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as great a change upon air-drying as did the alkaline ones. Some samples 
became more acid and some more alkaline upon air-drying but the general 
tendency was to become more acid. 

Of 144 glacial and loessial soils tested in the fresh and air-dry condition 
all except one became more acid upon air-drying. With the glacial subsoils 
the difference between the fresh and air-dry samples tended to increase as 
the pH increased. The maximum difference, pH 1.11, was found with the 
group having pH values of 8.58 to 9.07, The loess subsoils did not show 
this tendency. The glacial soils, in general, showed a more marked change 
from air-drying than the loess. 

Permitting soil samples to become air-dry in most cases increased the 
intensity of the reaction obtained by the qualitative potassium thiocyanate 
method. Of the 76 samples tested, 5 showed no change, 35 a change of one 
degree of acidity, 19 a change of 2 degrees and 17 a change of 3 degrees. 

Oven-drying rendered all soil samples tested more acid than in the fresh 
condition. Of twenty-one samples tested all except four were more acid than 
when in the air-dry condition. 

Samples air-dried, then moistened with distilled water and tempered were 
more acid than the same soils in fresh condition. Of the seven samples tried 
all but one were found more acid than when in the air-dry condition. 

The hydrogen-ion concentration of fresh moist soils stored for three months 
in air-tight glass containers changed in most cases, some samples becoming 
more add and some less so, with a general tendency to become more acid. 
The amount of change is not related to the degree of acidity or alkalinity. 

From the data reported it is concluded that the only reliable indication of 
conditions existing in the field are obtained when hydrogen-ion concentration 
determinations are made with soil samples freshly taken. 
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Recent investigations have indicated that many soils are apparently defici- 
ent in sulfur* Some soils have shown greatly increased alfalfa yields with 
applications of calcium sulfate; others, with elemental sulfur. In tlie case 
of gypsum the increased yields have been attributed to sulfur, hme, or in some 
cases to a stimulating effect on the soil itself. Much data on record seem to 
show that gypsum has increased the amount of soluble plant-food in the soil 
extract (chiefly potassium) while on the other hand an, equal amount of data 
can be found which controverts this view. When all data are reviewed, one 
arrives at the conclusion that both views are in a measure correct, for there 
is no doubt that different soil types respond differently to applications of 
gypsum. The real effect of gypsum and calcium carbonate on soils is aptly 
expressed by Lipman and Gericke (6). They state “All soils do not behave 
alike when treated with CaSOi or CaCOa. They should not be expected to 
do so considering their mineral composition, the law of chemical equilibrium, 
and the nature of colloid action in soils.’’ 

This work was started on six of the principal soil types of the state in order 
to determine their need, if such existed, for certain fertilizers and amend- 
ments. The soils used in this experiment are Moscow loam, Helmer silt loam, 
Sandpoint soil, Aberdeen soil, Boise silt loam and Palouse silt loam. They 
are described as follows: 

Moscffw loam. The sample used in this experiment was obtained from an area southeast 
of Moscow which was shown to be well within the area mapped under that series in the 
Latah County Soil Sur\’‘ey (1). The Moscow series is described therein as a residual soU 

the surface of which is of light brown to brown in color, with light grayish brown to yellowish 
brown variations. They overlie subsoils of grayish yellow or yellowish brown to pale yellow 
color." The deeper subsoils frequently consist of disintegrated rock and grade into a sub- 
stratum of bed rock. The soils of this series are developed from weathering of gramtes, 
schists, gneisses or quartzites though influenced in some localities by admixtures of fine 
grained loessial or windlaid material." The sample was taken from a field that had been in 
wheat for several years. 


^ The work presented in this paper was carried out as a cooperative project between the 
departments of agricultural chemisto' and agronomy. 
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Helmer silt loam, “The soils of the Hehner series (1) are pale yellow to yellow in color 
with light grayish-yellow to brownish-yellow variations. The upper subsoils are usually of 
slightly lighter yellow to grayish-yellow color; the deeper subsoils are similar or slightly darker 
in color and usually compact, the structure in places approaching a hard pan in densely 
forested areas. The surface material under dry field conditions sometimes assumes a light 
grayish or bleached appearance, this being most noticeable on slopes where the grayish com- 
pact subsoil has been exposed. The Helmer soils are low in organic matter. They arc 
derived from aeolian deposits and the soil and subsoil material is non-calcareous. The 
topography is gently rolling to undulating and drainage is well developed. The areas under 
cultivation have been cleared of timber and much of the series is still in forest,” The sample 
used in these experiments was taken from a field that had been under cultivation for a number 
of years. 

Sandpoint soil. The sample obtained from the Sandpoint Substation is not included in 
any of the soil maps of Idaho. The soil is characteristic of the timbered areas of the northern 
portion of this state having supported a heavy growth of white pine and other coniferous 
trees. In texture this soil would be classed as silt loam. The surface soil is yellow to 
yellowish-brown in color and is characterized by a lack of lime. The subsoils are lighter in 
color, in places very fine in texture approaching a shale. The subsoil varies in different 
parts of the area and is usually well supplied with lime, especially below the third foot. 

The area from which this sample was taken is included in the Purcell Trench which extends 
from the southern end of Lake Coeur d’Alene to the 49th parallel. The soils have been 
formed from materials deposited under lacustrine conditions existing subsequent to the 
glacial period. The sample used came from a freshly cleared field which was being prepared 
for the first crop. 

Aberdeen soil. The sample obtained from the Aberdeen substation is not included in any 
of the soil maps of Idaho. These soils are of mixed origin having been formed from the 
disintegration of the underlydng basalt together with windblown material carried into the 
region. The surface is a yellowish-buff of fine sandy loam underlaid by a subsoil of veiy 
similar material to a depth of three feet or more. The subsoil contains streaks of sand from 
two to six inches in thickness found at a depth of 3 feet or more. This soil originally sup- 
ported a growth of sage brush and other desert vegetation. The field from which the sample 
was taken had grown several ciops of alfalfa and small grains. 

Boise sill loam. The sample of soil taken from the Caldwell Substation farm near Caldwell 
is mapped (5) by the Bureau of Soils as Boise sandy loam. This t>pe was later changed to 
Boise silt loam. The particular sample used in this work is a very fine sandy loam. It is 
described as “ a grayish colored light sandy loam with a soft, ashy feel carrying a large amount 
of silt and having an average depth of about 2 feet. The subsoil of this type south of the 
Boise River is a loam or clay loam which has an average depth of about 18 to 24 inches. 
This is underlain by a sandy loam, sand or gravel cemented together into calcium carbonate 
to form a hardpan.” The sample used came from a fiedd that had been under cultivation for 
several years. A rotation including alfalfa, corn and small grains had been practiced. 

Palouse sill loam. The sample of Palouse silt loam soil was taken from one of the fields 
on the University farm. This soil is described (1) as follows: “The soil of the Palouse silt 
loam to a depth of 8 to 14 inches is a dull brown or dark brown silt loam, underlain to a depth 
of 36 to 40 inches by a brownish-y^ellow to brown or light brown silt loam or silty clay loam, 
which usually grades into a silty clay or a silty clay loam in the lower subsoil. The lower 
subsoil is usually yellowish-brown or brownish-yellow, lighter in color than the intermediate 
and rests upon a tawny-yellow substratum of homogeneous and unstratified loessial deposit 
of fine texture from which the soil material is derived. This rests upon underlying bedrock 
at depths ranging from a few feet to 50 feet or more. The surface soil is high in organic 
matter and when wet Is nearly black in color. The brown tint is more pronounced under 
dry field conditions.” The sample used consisted of the surface 8 indies taken from a Held 
in which a rotation including peas, corn and wheat had been followed with a dresringof 
manure every second or third year. 



The moisture equivalent of each of the soil types used in this experiment 
were determined by the method of Briggs and McLane (3). The total sulfur 
content of each soil was determined by the sulfur bomb method (7) and ex- 
pressed as percentage of anhydrous soil. These results are given in table 1 , 


TABLE 1 

Total sulphur aftd moisture equivalents oj soils 


SOIL TYPE 

TOTAL SULFUR 
CONTENT 

MOISTURE 

EQUIVALENT 

Moscow loam 

per cent 

0.(X)7 

0.008 

0.016 

0.017 

0.019 

0.023 

per cent 

25.0 

24.9 

39.7 

17.9 

20.4 

26.1 

Helmer silt loam 

Sandpoint 

Aberdeen 

Boise silt loam 

Palouse silt loam 



PLAN OF EXPERIMENT 

Three-gallon stone jars were filled with soil and treated with fertilizers and 
amendments at the following rates per acre: 

1. 2000 pounds lime 6. 500 pounds sulfur (to all soils except 

2. 2000 pounds lime, 100 pounds Moscow loam and Aberdeen) 

sulfur 

3. too pounds sulfur 7. 300 pounds raw rock phosphate, (to 

4. 200 pounds g>^sum all soils except Moscow loam 

5. 200 pounds Treble Superphosphate and Aberdeen) 

These materials were intimately mixed with the top four inches of soil. Check 
pots without applications of fertilizers were, of course, included in the series for 
each soil. The treatments were made in triplicate. Alfalfa was grown on two 
of the three pots while the third pot was kept in a fallowed condition. Since 
this was a greenhouse experiment it was possible to make seven successive 
cuttings which was done with all of the cropped pots except certain ones con- 
taining sandpoint soil. The cuttings were made as in common farm practice, 
i.e., when the new stalks began to appear. 

The crop record is included in table 2 along with some data on the composi- 
tion of the alfalfa. Total sulfur was determined by the regular A. 0. A. C. 
method (2). 

DISCUSSION 

Moscow loam. This soil was lowest in total sulfur, containing 0.(X)7 per cent, 
and closely corresponds to the Helmer silt loam which had 0.008 per cent sulfur. 
A slight increase in total yield of alfalfa over the check pots was obtained when 
2000 pounds of lime were used. The greatest increase in yield in this series 
was with the combination of 2000 pounds of lime plus 100 pounds of sulfur. 
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TABLE 2 


Yield and composition of alfalfa as affected hy soil treatments 



Moscow loam 




percent 

percent 

percent 

gm. j 

gm. 

No treatment 

6(5.9 


0.145 

2.60 

0.097| 

1 1.74 

Lime 

80.2 

19. 9j 

0.140 

2.79 

0.112| 

2.24 

Lime and sulfur 

125.2 

! 87.3 

0.280 

3.10 

0.351 

3.87 

Sulfur 

97.6 

45.9 

0.345 

3.06 

0.337, 

2.98 

Gvpsum (CaS 04 ) 

114.6 

1 71.3 

0.320 

3.27 

1 0.367' 

3.75 

Treble Superphosphate 

115.7 

' 73.0 

0.165 

3.00 

0.191 

3.47 

IJelmer sil 

t loam 






No treatment 

60,4 


a.i4o| 

2.60 

0.084 

1.57 

Lime 

54.2 

*-10.3 

0,180 

2.91 

0.974 

1.57 

Lime and sulfur 

118.6 

96.4 

0.330 

3.53 

0.393 

4.19 

Sulfur 

132.7 

119.6 

0.295 

3.04 

0.391 

4.04 

Sulfur, 500 lbs 

133.1 

120.3 

! 0.450 

3.02 

0.600 

4.01 

G>’psum 

101.8 

68.6 

! 0.230 

3.13 

0.234 

3.19 

Treble Superphosphate 

79.3 

31.3 

' 0.185 

■2.86 

0.147 

2.26 

Raw rock phosphate 

74.0 

22.5 

1 0,205 

2.86 

0.152 

2.12 


Sandpoint 


No treatment 

91.3 1 


0.185 2.93 

, 0.168 

1 2.67 

Lime 

68.4 j 

25. li 

0.190 2.85 

0.130 

1.95 

Lime and sulfur 

116.7 

27.8| 

0.290 3.12 

0.339 

3.64 

Gypsum 

125.4 ; 

37.3 

0.285 3.24 

I 0.357 

4.06 

No treatment 

51.7* 


0.230 3.37 

0.118 

1.74 

Sulfur 

69.7* 

34.8 

0.390 3.70 

1 0.272 

2.57 

Sulfur, 500 lbs 

76.7*; 

48.8 

0.475 3.51 

0.364 

2.69 

Treble Superphosphate 

54.8* 

6.0 

0.250 3.38 

0.137 

1.86 

Raw rock phosphate 

56.1* 

8.5 

0.250 3.37 

0.140 

1.89 


A berdeen 


No treatment j 

56.4 


0.300 

3.02 

0.169 

1.70 

Lime ' 

62.2 

10.3 

0.340 

2.79 

0.211 

1 1.73 

Lime and sulfur 

59.5 

5.5 

0,390 

2.97 1 

0.231 

' 1.77 

Sulfur 

74.5 

32.4 

0,395 

2.97 

0.294 

1 2.21 

Gypsum 

65.5 

16.1 

0.370 

3.06 

’ 0,242 

2.00 

Treble Superphosphate | 

! 98.4 

74.4: 

0.210 

2.94 1 

0.206 

2.89 


* These totals represent four crops only. 
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TABLE 2-~Confinued 




gm. 

81.2 

percent 

percent 

0.275 

per cent 

3.23 

1 

0.223 

gm. 

2.62 

Lime 

90.5 

11.5 

0.305 

3.08 

0.276 

2.78 

Lime and sulfur 

79.8 

-1.7 

0.315 

3.09 ' 

0.251 

2.47 

Sulfur 

78.4 

-3.4 

0.435 

3.15 

0.341 

2.47 

Sulfur, 500 lbs 

77.9 

-4.1 

0.4e0 

3.37 

0.358 

2.62 

Gypsiun 

82,4 

1,5 

0.440 

3.12 

0,362 

2.56 

Treble Superphosphate 

101.9 

25.5 

0.340 

3.34 

0.346 

3.40 

Raw rock phosphate 

79.9 

-1.6 

0.330 

3.33 

0,263 

2.66 


Palojise silt loam 



72,0 1 


0.170 

2.86 1 

0.122 

2.06 

Lime 

97.6 1 

35.6 

0.160 

2.83 1 

0.156 

2,76 

Lime and sulfur ^ 

151.9 

iio.p' 

0.355 

3.04 ■ 

0.539 

4.61 

Sulfur ! 

137.9 

91.5 

0.435 

2.77 

0.600 

3.82 

Sulfur, 500 lbs 

126.3 

75.4 

0.470 

2.59 

0.594 

3.27 

Gypsum 

129.1 

79.2 

0.345 

2.58 

0.445 

3.33 

Treble Superphosphate 

65,3 

-9.3 

0.180 

2,69 

0.118 

1.76 

Raw rock phosphate 

70.1 

-2.6 

0,150 

2,35 

0.105 

1.64 


Both sulfur alone and gypsum treatments resulted in increased yields, gypsum 
showing the greater effect. Treble Superphosphate (200 pounds per acre) 
caused slightly higher yields than gypsum. This phosphate fertilizer is high 
in available phosphoric acid, usually containing 4d-48 per cent P 2 O 5 . 

It is evident that lime alone did not produce an increase in sulfur content. 
Lime and sulfur in the combinations used in this experiment doubled the 
percentage of sulfur in the crop over that grown on the check. Sulfur alone 
caused the highest sulfur content and gypsum a sulfur content only slightly 
less. The application of Treble Superphosphate apparently had but little 
effect on the sulfur content of the crop which was in this case only slightly 
higher than the check. 

The effect of the treatments on the nitrogen content is marked. All treat- 
ments caused an increased percentage of nitrogen in alfalfa. These increases 
were in the following order, reading from the lowest to the highest; check, 2000 
pounds lime, 200 pounds Treble Superphosphate, 100 pounds sulfur, 2000 
pounds lime and 100 pounds sulfur and 200 pounds of gy^Dsum. When the 
total amount removed by crops is considered, the order is: check, lime alone, 
sulfur alone, Treble Superphosphate, gypsum and lime and sulfur. 
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Helmer silt loam. The Helmer silt loam contained 0.008 per cent sulfur. 
All applications except lime alone produced increased yields over the check 
soil, the sulfur applications producing the highest yields of all treatments. 
Five hundred pounds of sulfur produced a greater increase than 100 pounds. 
The yields with sulfur plus lime and with gypsum were still less. Both raw 
rock and Treble Superphosphate show an increase in yield. 

All treatments increased the percentage of total sulfur in the crop, the 
sulfur treatments most. The application of 500 pounds of sulfur produced 
alfalfa containing 50 per cent more sulfur than was found in the crop 
grown with the 100-pound apphcation. 

All treatments increased the percentage of nitrogen in the crop. Sulfur and 
lime caused the highest content and highest total removed by the crop, with 
the 100-pound application of sulfur, the 500 pounds of sulfur, and gypsum fol- 
lo^ving in the order named for total nitrogen removed. 

Sandpoint soil. With some treatments on this soil only four crops were 
grown because of lack of soil at the time the experiments were commenced. 
An additional check series was used in these cases. It is interesting to note 
that the average of the four crops and the average of the seven crops grown 
on the same soil were practically identical. The sandpoint soil contains .016 
per cent of sulfur. Additions of 2(XX) pounds of lime reduced the yield to 
approximately one-fourth that secured on the check. Two thousand pounds 
of lime plus 100 pounds of sulfur increased the yield 27.8 per cent. Sulfur 
alone (100 pounds) increased the yield 34.8 per cent, and 500 pounds increased 
it 48.4 per cent, while gypsum caused an increase of 37.3 per cent. It is seen 
that sulfur alone, sulfur and lime, and sulfur in the form of gypsum all mater- 
ially increase the yield of alfalfa. Raw rock phosphate increased the yield 
8.5 per cent, while Treble Superphosphate caused a 6 per cent increase only. 

In discussing the effect of the treatment oa the sulfur and nitrogen content 
of the alfalfa, the reader must bear in mind that there are two checks, one for 
the seven crop series and one for the four crop series. Lime additions show 
practically the same sulfur content as the check. Sulfur applications, either 
with or without lime, or in the form of gypsum, all caused marked increases 
in the sulfur content of the crop. The heavier applications produced corre- 
spondingly heavy percentages of sulfur in the alfalfa, without increasing the 
nitrogen content over that produced by the lighter applications of sulfur. This 
might be taken as an indication that the lighter application of sulfur is suflici- 
ent for the number of crops grown. All treatments of lime and sulfur, gypsum 
and sulfur alone increased the nitrogen content of the alfalfa over the check. 

Aberdeen soil. This soil contains .017 per cent of sulfur. Lime and sulfur 
and 2000 pounds of lime produced only slight increases in yield. Gypsum pro- 
duced a slightly better increase. Sulfur alone caused a higher yield than 
any of these while Treble Superphosphate caused the higltest yield of all. 

The effect of these treatments on the sulfur content of alfalfa is quite marked. 
All treptments except Treble Superphosphate caused an increase in sulfur 
content. Phosphates lowered the percentage considerably with this soil. 
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The effect on the nitrogen content is not so marked in this series. The check 
crop had the highest nitrogen content except for pots treated with gypsum. 
For all other treatments, the nitrogen content was slightly lower than the check. 
When the total amount removed by the crops is considered, sulfur, gypsum, 
and phosphate applications all show increases over the check. 

Boise silt loam. This soil shows a total sulfur content of .019 per cent. The 
only treatment that showed a marked effect upon the yield was Treble Super- 
phosphate. For all treatments, the crop had a higher percentage of sulfur 
than the check. Sulfur, g 3 rpsum, and sulfur with lime caused the greatest 
increases. In this series the heavier applications of sulfur resulted in higher 
percentages in the crop. No striking differences are noted in the effect of the 
treatments on the nitrogen content of the crop, except in the case of the Treble 
Superphosphate which resulted in an increase in nitrogen content and in the 
total amount of nitrogen removed by the crop. 

Palouse silt loam. The Palouse silt loam had the greater sulfur content of 
the soils studied, viz., .023 per cent. In this series, additions of lime alone, 
lime and sulfur, sulfur, and gypsum all caused marked increases in yield. The 
greatest increase was due to one ton of lime and 100 pounds of sulfur. One 
hundred and five hundred pounds of sulfur gave very nearly the same results. 
This indicates that the application of 100 pounds of sulfur per acre is sufficient 
for the Palouse silt loam. Indications are that lime alone benefits alfalfa on 
this soil but the best yields are produced when both lime and sulfur are applied. 
Raw rock phosphate and Treble Superphosphate both depressed yields slightly 
showing that phosphates are not necessary for alfalfa on this soil. 

All forms of sulfur produced a marked effect on the sulfur content of the 
crops. Here again the larger addition of sulfur did not materially increase the 
percentage of sulfur in the crop but did decrease the yield slightly in compari- 
son with the smaller application. 

No uniformity exists in the data on nitrogen content since only the lime and 
sulfur additions caused increases. All treatments, with the exception of the 
phosphates, increased the total nitrogen removed by the crop. Lime and 
sulfur caused the largest removal and 100 pounds of sulfur and gypsum respec- 
tively less. Five hundred pounds of sulfur produced the same result as gyp- 
sum. Phosphates show a depressing effect on the total nitrogen removed by 
the crops. 

When the relationship of the sulfur content of the soil is compared to 
the sulfur content of the alfalfa growm on the soils without treatments, it 
is seen that the soil richest in sulfur does not produce alfalfa with the highest 
percentage of sulfur. The two non-treated soils producing the highest per- 
centage of sulfur in the alfalfa are the Aberdeen soil and Boise silt loam. 
Both are arid soils from southern Idaho requiring irrigation before crops can 
be grown. Both soils contain less sulfur than the Palouse silt loam. It is 
thought that tlie Palouse silt loam, while containing the highest percentage of 
total sulfur, does not contain as much of the sulfur in an available form for the 
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plant, but rather contains a high percentage in combination with organic 
matter and unavailable until decomposition and oxidation take place. 

Moscow loam and Helmer silt loam contain practically the same amount of 
sulfur and produce alfalfa with equal sulfur contents. Both soils respond to 
sulfur treatments in producing increased 3 delds of alfalfa, increased percent- 
ages of sulfur in the alfalfa, and increased percentages of nitrogen. In fact the 
only soil which does not respond with an increase in nitrogen in the alfalfa 
when sulfur is applied is the Boise silt loam. All other soils show marked 
increases in the nitrogen content of the crop when some form of sulfur is applied. 
Both the southern Idaho soils, (the arid soils) appear to have sufficient sulfur 
for normal plant growth. It is thought that where additions of sulfur cause a 
slight increase in yield on these soils that there is some effect other than that of 
supplying the sulfur needed as a plant food. On the humid soils of northern 
Idaho there is not only a marked increase in yield, but a like increase in the 
sulfur and nitrogen content of the alfalfa grown thereon, indicating that low 
yields secured on the check soils are due to an actual lack of available sulfur. 

THE ETFECT OP LIME, LIME AND SULFUR, GYPSUM AND SULFUR ALONE, ON THE 
AMOUNT OF WATER SOLUBLE POTASSIUM IN THE DIFFERENT 
SOILS 

The general opinion expressed by many text books that additions of lime and 
gypsum to soils results in a greater amount of available potassium and other 
elements in the water extract has been disputed to a considerable degree in late 
years. These experiments were carried out to show the effect of lime, lime and 
sulfur, sulfur, and gypsum on the total potassium found in a water extract 
obtained under definite conditions for each soil. For this purpose soil was used 
from the control pots of the experiments just reported which had stood for 
more than a year in a fallowed condition. Only the potassium was considered, 
since this element usually showed the largest fluctuation in the water extracts 
from soils studied by other investigators. 

Two thousand grams of soil was made up to a definite moisture content, 
allowed to stand twenty-four hours and then packed into a percolator. The 
amount of water added differed for each soil type but was the same for all 
treatments of the same soil. Definite amounts of distilled water were added 
to each soil and after the first drop of percolate appeared, the percolator was 
closed, for 24 hours, then opened and the first 500 centimeters collected. This 
was evaporated to a small volume and the potassium determined gravimetri- 
cally. The results are comparative only within a given soil series. The authors 
wish to state that this method is intended only to show relative differences 
and the results should be interpreted as such. No comparisons should be made 
except within the same soil types. The method was chosen because of difficulty 
encountered in securing uniform results on small amounts of potassium when 
the colorimetric method of Cameron and Failyer (4) was used. Data are 
given in table 3. 
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An inspection of table 3 shows no uniformity in the effects of the treatments 
on the water soluble potassium. Varying effects are noted with the same treats 
ments on different soils. ^Vhile the results are only relative, they indicate that 
statements frequently found in text books on the effect of calciuum sulfate and 
calcium carbonate on the solubility of potassium in the water extract of soils 
are altogether too general. Our results indicate that the effects may vary with 
different soils, which is only to be expected when the wide differences in com- 
position of all soils is considered. 


TABLE 3 

Soluble potash in soils 


TREATMENT 

MOSCOW 

LOAM 

HELMER 

SILT LOAM 

SANOPOINT 

SOIL 

AHERDEEN 

SOIL 

BOISE 
SILT LOAM 

palocse 

SILT loam 



gm. 

1 gm. 

gm. 

gm. 

gm. 

None 

0.0086 

0.0109 

0.0077 

! 0.0422 1 

0.0186 

0.0120 



0,0112 

0.0050 

0.0527 

0.0147 

0.0095 



Linic and sulfur 


0.0080 

0.0068 

0.0416 

0.0152 

0.0131 

Sulfur 

0.0115 

0.0113 


0.0450 

0.0146 

0.0151 

Gypsiun 

0.0107 

0.0075 

0.0101 

0.0500 

0.0153 

0.0150 


SUMMARY 

The effect of additions of lime, sulfur, gypsum and phosphorus on the yield 
of alfalfa, on the nitrogen and sulfur content of the crop, and on the soluble 
potash in the water extract of the soil was studied on six Idaho soils. 

Four of these soils are from the humid portion of the state and two from the 
arid portion. 

Sulfur in some form produced a distinct increase in the yield of alfalfa grown 
on the soils from the non-irrigated part of the state. The application of sulfur 
to the arid soils produced no marked effect upon the yield of alfalfa. 

Sulfur in all forms produced an increase in the total nitrogen removed by the 
alfalfa. All applications of sulfur increased the percentage of sulfur in the 
plant. 

Different forms of sulfur produced varied effects for each soil on the yield 
and composition of the crop. Phosphorous increased the yield of alfalfa 
on all but two of the soils. The arid soils give a greater response to applica- 
tions of phosphorous and less to sulfur than humid soils. All applications of 
phosphorous increased the percentage of sulfur in the alfalfa and produced 
slight increases in the nitrogen content of the alfalfa in all but two of these 
soils. 

The effect of these treatments on the soluble potash is variable, depending 
upon the soil type. 
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The soil harbors a large number of microorganisms belonging to various 
groups which have different physiological functions. Conditions favorable 
to some organisms may prove injurious to others. The various bacteria, 
algae, fungi, actinomycetes, protozoa, nematodes, etc., carry on their activ- 
ities which may or may not lead to phenomena favorable to soil fertility; 
some decompose organic matter with the liberation of ammonia, some use 
the nitrogen-free organic matter as a source of energy to fix atmospheric 
nitrogen, while others assimilate the ammonia using the carbohydrate as a 
source of energy and build up microbial proteins; still others use the ammonia 
as a source of energy and convert it into nitrites and then nitrates. Some 
' organisms produce substances toxic or beneficial to others, while some actually 
consume others. All these various groups of organisms are united by the 
one common medium— the soil. As a medium the soil is affected by the con- 
tent of nutrients, the condition in which these nutrients are present in the 
soil, the water content of the soil and transportation of salts, soil aeration, 
oxygen tension, carbon dioxide production, soil temperature and colloidal 
structure of the soil, with surface and adsorption phenomena. 

When any one of these factors is changed, there is a corresponding change 
in the biological composition of the soil, in other words any change of the 
physical, physico-chemical and chemical soil condition will greatly modify 
the biological flora. The extent of this modification is, however, only partly 
known. We know, for example, that a change in soil reaction will bring about 
a relative change in the number of microorganisms. The same is true of soil 
aeration or lack of aeration. The addition of undecomposed organic matter 
will greatly stimulate the development of various microorganisms. Partial 
sterilization of the soil has been extensively studied during the last few years. 
This was due to the stimulus given by the excellent contributions of Russell 
and his associates and the hypothesis put forth on the destructive influence of 
protozoa upon bacteria. The limitation of the activities of soil bacteria is 
supposed to result in a limitation of soil fertility. According to Russell, the 
partial sterilization of soil by volatile antiseptics or steam brings about a 

^ Taper No. 137 of the Journal Scries, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. 
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destruction of the protozoa; this stimulates the development of bacteria and 
increases the fertility of the soil. This hypothesis has been criticized by 
different investigators who found that the favorable influence of heat and 
antiseptics upon the soil flora and growth of cultivated plants is due to other 
phenomena j like the destruction of pathogenic organisms, direct stimulation 
of plants, liberation of available plant-food, dissolution or redistribution of 
the soil fats, destruction of toxins, etc. 

Without reviewing in detail the subject of partial sterilization of soil, which 
has been done by Kopeloff and associates (29), we may merely point out some 
of the facts that have been established as bearing upon the problem at hand. 
The purpose of the following investigations is not to disprove or to prove any 
fixed theory, but to throw light on the interrelationships of soil microorganisms 
and their activities as affected by various soil treatments, including partial 
sterilization. 

The established facts in regard to the influence of partial sterilization upon 
soil biological activities may be briefly summarized as follows: 

1. Partial sterilization of soil by heating above bO^C. or by treatment with vapors of 
volatile antiseptics such as toluene and carbon bisulfide, causes a fall and then a rapid rise 
in bacterial numbers. The resulting numbers of bacteria arc far above the numbers in the 
untreated soil [Hiltner and Stormer (21), Russell and Hutchinson (47, 48), Fred (11, 12)1. 

2. The rise in numbers of bacteria is accompanied by an increase in the accumulation of 
ammonia over the untreated soil; this is formed from the decomposition of the organic nitro- 
gen compounds in the soil [Stormer (51, 52), Russell and Hutchinson (47,48), Scherpe (49), 
Fred (11, 12)]. 

3. When untreated soil is added to partially sterilized soil, there is a more rapid increase 
of bacterial numbers and ammonia accumulation than in the uninoculated soil. The initial 
rise in the former soil is followed sooner by a fall in numbers than in the uninoculated, espe- 
cially in soils rich in organic matter [Russell (46), Fred (12)]. 

4. In the uninoculated soil, bacterial numbers remain at a high level for a long time 
[Hiltner and Stdrmer (21), Russell and Hutchinson (47, 48)]. 

5. There is some evidence for the assumption that the rapid bacterial development may 
be due to the elimination of other organisms, originally present in the soil, (“detrimental 
factor” according to Russell and Hutchinson) by the use of heat or antiseptics. 

6. Protozoa, particularly the amoebae and cilia tes are killed in the process of partial 
sterilization [Russell and Hutchinson (47, 48), Buddin (4)j. Since certain protozoa, particu- 
larly ciliates and amoebae are known to destroy bacteria in liquid cultures [see also Cutler 
(6)], Russell and Hutchinson assumed that the protozoa are the detrimental organisms, which 
keep in check bacterial development. This assumption was further substantiated by the 
demonstration of Cutler, Crump and Sandon (7) that an inverse relationship was found 
between the numbers of bacteria and active amoebae in 86 per cent of the observations 
made by counting these organisms on 365 consecutive days. 

7. In addition to bacteria, other groups of soil microorganisms, particularly the fungi 
and actinomycetes are capable of decomposing soil organic matter with the liberation of 
ammonia. 

8. Heat and volatile antiseptics have a destructive influence upon soil fungi [Bolley (2), 
Waget (55)]. 

9. Nothing has been said in the work of Russell and associates about the rdle of fungi in 
the soil. There may be hundreds of thousands of these organisms in a gram of soil, espe- 
cially in soils rich in organic matter, both in the form of spores and as vegetative mycelium. 
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Moore (35) pointed out that, **to those that arc familiar with the rapidity and certainity 
with which some of the fungi reduce organic to inorganic matter it is evident that there is 
no group of organisms present in the soil more capable of producing profound changes in 
its environment.” 

10. Fungi utilize available energy very economically, converting up to 50 per cent of the 
available carbon into fungous mycelium [Kruse (31)]. Since fungous mycelium contains 
3 to 7 per cent of nitrogen, large quantities of nitrogen have to be assimilated in the synthesis 
of fungous protoplasm. Bacteria make only a limited growth in comparison with the amount 
of change produced, and will, therefore, convert only comparatively small amounts of nitrogen 
into microbial protein. 

11. The actinomycetes, which form 10 to 50 per cent of the organisms developing on the 
plate, grow only slowly, particularly in soil treated with antiseptics [Hiltner and Stormer (21), 
Greig-Smith (18)]. 

12. The bacteria that account for the rapid rise in numbers after partial sterilization 
belong chiefly to the slow-growing, non-spore fonning, gelatin non-liquefying bacteria 
[Hiltner and Stormer (21)], There is some evidence that under certain conditions, at least, 
spore-bearing (butyric acid) bacteria develop rapidly [Truffaut and Bezsonoff (53)]. 

13. Nitrifying bacteria arc destroyed or temporarily put out of action by partial sterili- 
zation, but when reintroduced they become very active [Stormer (51, 52), Russell and Hutch- 
inson (47, 48), Fred (11, 12)]. 

14. Protozoa, at least most flagellates and some ciliates, can also live in organic and 
inorganic media [Peters (41), Alickseiev (1)], without depending for their nutrients upon 
living bacteria. It is even possible that the protozoa may play a decidedly beneficial role 
in the transformation of organic and inorganic substances in the soil, as we might conclude 
from the results of Crabtree (5) on the protozoa in the sewage bed and Alieksciev (1) on 
the protozoa in the manure pile. Protozoa may also feed on smaller protozoa and on fungous 
mycelium [Franck (10)], while Goodey (15) found that the addition of protozoa to a soil 
free from these organisms did not act as a factor limiting bacterial activities. According 
to Nasir (38) protozoa exert no depressing effect on nitrogen-fixing bacteria, both in sand 
and in solution; as a matter of fact the presence of protozoa resulted in a decided increase 
in nitrogen-fixation in 31 out of 36 experiments. 

15. Not all the protozoa, especially the flagellates, are always destroyed by the disin- 
fectant [Gainey (13, 14), Fred (11, 12), also Greig-Smith], 

Changes in the microbial flora of the soil similar to those produced by partial sterilization 
will result also from other treatments of soil. 

16. Air-drying of soil followed by moistening also produced a decidedly stimulating effect 
upon bacterial development [Rahn (44), Ritter (45)]. 

17. Calcium oxide produces a condition in the soil very similar to partial sterilization 
[Miller (34), Hutchinson (22), Hutchinson and McLennan (23)], 

18. Treatment of soil with lime, antiseptics and heat makes soluble a great deal of plant 
food, including carbon and nitrogen compounds, as well as phosphates and other minerals. 
This was shown by Hutchinson and McLennan (23) for lime; by Kruger and Schneidewind 
(30), Kelley (25), Boyoucos (3), Wilson (59), Fischer (9), Mann, ei aL (33), and others for 
heat; and by Heinze (19, 20), Pickering (42) and others for disinfectants. 

19. Antiseptics and heat modify the physical condition of the soil [Konig, et al. (28), 
Mann, et aL (33), Lohnis (32)]. 

20. Antiseptics dissolve the soil fats [Greig-Smith (16)], thus aiding the attack upon the 
soil organic and inorganic matter by microorganisms. 

21. Small quantities of antiseptics exert a stimulating effect upon plant growth, as shown 
by Koch (26. 27), Fred (11, 12) and Oldenbach (40). 

22. When heated soil is treated with antiseptics, the favorable influence upon bacterial 
development and ammonia formation is greatly increased [Greig-Smith (16)]. 
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23. Certain soil organisms, including fungi, actinomycetes and bacteria produce sub- 
stances toxic to the growth of others [Greig-Smith (16, 17, 18), Nadson and Zolkiewicz (37)]. 
Antiseptics and heat lead to a neutralization of certain toxic substances present in at least 
some soils [Greig-Smith (16)]. 

24. Carbon dioxide formation in soils is also increased as a result of treatment with anti- 
septics and heat [van Suchtelen (54), Fischer (9)]. At first this is parallel with the increase 
in bacterial numbers, but the carbon dioxide production soon falls down, while the numbers 
arc still at a high level; this was explained by Fischer as due to the fact that the bacteria 
pass into a condition of a low respiratory power, but still capable of developing on the plate 
into colonics. An increase in the amount of oxygen absorbed by the microorganisms of the 
soil as a result of treatment of soil by heat and volatile antiseptics has been observed by 
Barbishire and Russell (8). 

25. The work of Hiltner and Stbrmer (21) as well as that of Fischer (9), Moritz and 
Scherpe (36) suggests that the disinfectant alters the balance of the microbial flora in the soil. 

The favorable influence of volatile antiseptics and heat upon the growth of 
plants and microorganisms has been thus variously explained and the follow- 
ing theories or hypotheses have been suggested. 

1. Direct stimulation. Plant roots and microorganisms may be stimulated directly by 
small quantities of antiseptics [Koch (26), Fred (11)]. 

2. Indirect stimulation of bacteria. The organic matter in the soil may be modified in 
such a manner as to make it more available for bacterial action; this may be due either to 
the removal of the fats [agricere theory of Greig-Smith]; to greater solubility of carbo- 
hydrates, nitrogen compounds, or phosphates [Stoklasa (50)]; to the killing of worms, nema- 
todes, protozoa, algae, fungi [Stormer (51)], which are then decomposed by the bacteria; 
or to all of these combined. 

3. Microbiological balance or equilibrium. According to Hiltner and Stomici (21), the 
results of partial sterilization are due to a change in the bacterial flora. 

4. Protozoa theory [Russell and Hutchinson (47, 48) J. 

5. Toxin theory [Greig-Smith (16)]. 

6. Destruction of fungi and bacteria which are causative agents of plant diseases 
[Bolley (2), Jachshevski (24)]. 

7. Increased nitrogen -fixation [Heinze (19), Hiltner and Stormer (21)], Koch (27), 
however, maintains that nitrogen fixation by bacteria is decreased by partial sterilization. 

It remains to be seen which of these theories is the correct one and whether 
the favorable influence of heat and antiseptics both on sick and normal soil 
can be explained altogether by any one or more of these theories. Even then, 
according to Miehe [cf. Waget (55)], soil sterilization still presents too many 
obscurities and uncertainties, so that it cannot be presented as a panacea for 
soil ills. 


EXPERIMENTAL 

Heihods. Numbers of bacteria and actinomycetes were determined by the plate method, 
as described recently (57), using 5 to 10 plates for each determination. The numbers of 
fungi were determined by the use of a special acid medium (56), using a dilution 0,1 to O.OI 
of the final dilution used for the determination of bacteria. The plates for fungi were incu- 
bated 48 to 72 hours at 25-28'’C. and for bacteria, 6 to 7 days. The protozoa were deter- 
mined by the dilution method using for the final dilution a 2-])er cent hay infusion -f 0.5 per 
cent NaCl and a soil infusion -f 0.01 per cent powdered egg-albumen. The cultures were 
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examined after 5 and 14 days. Only the general groups of cilia tes, amoebae and flagellates 
were determined, without any attempt at further differentiation. 

Nitrates were determined by the phenol-disulfonic acid method and ammonia by dis- 
tillation with MgO. The production of carbon dioxide in the soil was obtained by placing 
the proper amount of soil (usually 1 kgm.) in small earthenware pots, bringing the soil to 
optimum moisture (60 per cent of moisture-holding capacity), then placing the pot under a 
bell-jar, using an apparatus similar to the one described in detail by Neller (39). The COj 
was absorbed in standard Ba(OH )2 solution and titrated back with a standard solution 
of oxalic acid. A stream of air was passed through the pots at the rate of 3 liters per hour 
for 14 days, due to the fact that a short period of time may give an incorrect indication of 
the CO 2 production of the soil. It has been observed by van Suchtelen (54), Potter and 
Snyder (43) and in our own experiments that, when the soil is placed in the respiration 
apparatus, the COj production is rapid during the first 2 to 3 days, and then diminishes. It 
was deemed, therefore, advisable to use a period of 14 days as a unit of time and as an 
index of C02-pi'oducing capacity of the soil. The apparatus was allowed to run all the time, 
without interruption. 

TABLE 1 

Chemical condition of soils from nitrogen plots 


PtCT 

N'O. 

FERTILIZER TREATIIENT 

! 

CROP YIELD PER 
ACRE EOR 
LAST 14 YEARS 

IhITROGEK 

CONTENT 

CARBON 

CONTENT 

REACTION 



lbs. 

per cent 

per cent 

pH 

5A 

I 16 tons cow manure, minerals* 

60,541 

0.1463 

1.73 

5.5 

7A 

' Nothing 

15,295 

0.0826 

0.96 

5.0 

9A 

320 lbs. NaNOs, minerals 

50,488 

0.0994 

1.17 

5.8 

llA ; 

(NH 4 )jS 04 equivalent to 320 lbs. 





1 

NaNOs, minerals 

.38,731 

0.1064 

1.23 

4,6 

7B 

Lime only 

27,239 

0.0868 

1.18 

6.3 


* “ilinerals’^ are 320 lbs. potassium chloride and 640 lbs. acid phosphate per acre. 


The first experiment to be reported deals with the influence of various con- 
centrations of volatile antiseptics upon bacterial activities of soils of different 
fertility. In this connection the nitrogen plots of this department, which 
have received different fertilizer treatments for the last 15 years and where 
definite differences in fertility have been established have been utilized. A 
careful record of the crop yields of these plots has been kept and some of these 
plots have been submitted recently to a careful bacteriological analysis (58). 
Five plots were used for this purpose. Four 200-gm. portions from the soil of 
each plot were placed in glass jars. Three of the jars were treated with 0.1, 
1 .0, and 5.0 per cent of toluene, respectively. The jars were closed tightly with 
covers and allowed to stand 3 days. At the end of that time, the covers were 
taken off and the jars plugged with cotton so as to prevent the contamination 
of the soils with bacteria and fungi floating in the air. The toluene was, 
therefore, not completely evaporated for some time where the larger amounts 
of it were used. The moisture content of the soil ivas kept up by addition of 
sterile distilled ivatcr. Table 1 shows the treatment, crop yield, carbon and 
nitrogen content and reaction of the plots. The results of the toluene treat- 
ment are given in table 2. 
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In the case of the untreated soils, a stimulating effect upon numbers of 
microorganisms was always obtained as a result of mixing, sieving and bringing 
up to optimum moisture. This increase was followed, after a few days, by 
a steady decrease. It is important to note that the percentage of actinomy- 
cetes varied usually inversely with the total number of microorganisms 
developing on the plate, exclusive of fungi, f.e., the percentage of actino- 
mycetes decreased when the total number increased and the actinomycetes 
ratio began to increase, when the total number began to decrease point- 
ing to the fact that the latter group of organisms is not subject to as 
rapid changes as the true bacteria developing on the plate. Increases or 
decreases in the number of actinomycetes lake place much more slowly than 
in the case of bacteria. The numbers of fungi usually tend to increase as a 
result of incubation in the laboratory, except soil llA which is already very 
rich in fungi. All the three major groups of protozoa (cilia tes, flagellates, 
amoebae) were present in the control soils, although tlie amoebae were not 
always demonstrated. 

In some cases 0.1 -per-cent toluene caused a decrease in the number of 
bacteria followed by an increase or, as in the case of 7 A and 7B, it brought 
about directly a decided increase in the number of bacteria. The protozoa 
were at first destroyed (except 7B), but later developed again, first the flagel- 
lates, then the amoebae and ciliates. It is interesting to note that the great- 
est stimulus upon the number of bacteria and actinomycetes developing on 
the plate was brought about in 7B, where the protozoa remained alive and 
active even after three days treatment with 0.1 -per-cent toluene. Although 
the small amount of toluene was not sufficient to kill the protozoa in this soil, 
the stimulus exerted upon bacterial development is most pronounced. The 
fungi were practically destroyed by the 0.1-per-cent toluene and the percent- 
age of actinomycetes was appreciably reduced. The fungi, however, soon 
began to multiply very rapidly and after 30-50 days greatly exceeded the 
numbers originally present. After 55 days, as a result of treatment with 
0.1 -per-cent toluene, sample 5 A contained only about 20 per cent more bac- 
teria, more than twice as many actinomycetes and over seven times as many 
fungi, while the protozoa were as active as at the start; sample 7A contained 
four times as many bacteria, a smaller percentage of actinomycetes and over 
five times as many fungi, with the same abundance of protozoa; sample 9A 
contained three times as many bacteria, a smaller percentage of actinomycetes 
and seventeen times as many fungi; sample llA contained a smaller number 
of bacteria, a higher percentage of actinomycetes and a greater number of 
fungi; and sample 7B contained four times as many bacteria, much lower 
percentage of actinomycetes and five and a half times as many fungi. 

A small amoimt of iohmie is thus found to have a destructive effect upon the 
fungi but a decidedly stimulating eject upon bacteria and temporary depressing 
eject up 07 i protozoa. By it the soil is made a much better medium for the 
development of fungi. 
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As stated above^ the soils were not spread out for the evaporation of the 
toluene in order to prevent reinoculation with dust fungi; the tight covers 
were merely replaced by cotton plugs. However, this did not prevent the 
contamination of the soil and it did prevent the rapid evaporation of toluene 
in the case of 1 .0-per-cent concentration and especially where 5 per cent has 
been added. 

One per cent of toluene produced a much greater depressive effect upon 
the bacteria and, due to the slow evaporation of the toluene, it took a some- 
what longer period of time for bacterial development to take place. The 
depression was followed in all cases by a rise in numbers reaching in three out 
of five soils after 55 days a point much above the original number. Here 
again the soil was made a much better medium for the development of fungi, 
which reached even higher numbers than in the case of the treatment with 
0.1 per cent of toluene. It is interesting to note that in the two soils (5 A and 
11 A), where the numbers of bacteria were after 55 days lower than at start, 
the numbers of fungi were the highest of all soils at all periods, reaching 
over one million and one-half million, respectively. WTiile there were at the 
beginning of the experiment three times as many fungi in 11 A as in 5A, 
5A contained twice as many fungi as llA 55 days after treatment with 1 per 
cent of toluene. Fungi are directly stimulated by the addition of available 
organic matter. Since 5A has a much greater content of organic matter than 
II A, the above results indicate that the toluene treatment brought about a 
greater availability of the organic matter in the soil (plate 1). 

The protozoa were destroyed by 1 per cent of toluene in all soils, but after 
55 days they were found again. It is of importance to point out the great 
abundance of all the three groups of protozoa in 7B, which contains also the 
highest number of bacteria, but the lowest number of fungi. 

In the case of the soils treated with 5 per cent of toluene, the disinfectant 
was still present after 15-20 days. This lasting effect of the disinfectant 
resulted in a much greater reduction of the bacteria followed only by a late 
increase, while the protozoa disappeared completely. Outside of this, one 
can hardly draw any further conclusions from this treatment, except as to 
the ammonia content. 

The numbers of bacteria, actinomycetes, fungi and protozoa in the soil 
did not show, as a result of toluene treatment, any correlation with soil fertil- 
ity, or organic matter content of a soil; as a matter of fact the most fertile 
soil (5A) showed the least increase in the number of bacteria (and actinomy- 
cetes), while the least fertile, but limed, soil showed the greatest increase. 
This may perhaps be correlated with the inverse development of fungi since 
5 A showed the greatest development of fungi as a result of toluene treatment 
and 7B the least. The formation of ammonia^ however^ is directly dependent 
on the organic-matter content of the soil and is not correlated with the increase 
in the numbers of bacteria ^ when the differently treated soils are compared. Soil 
5A gave the greatest increase in the amount of ammonia, as a result of toluene 
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treatment; however the gain over the control is more apparent than real. 
For 1 and 5 per cent of toluene killed or temporarily put out of action the 
nitrifying bacteria and the ammonia formed was not nitrified. When we com- 
pare the total soluble nitrogen produced, we find 4.94 mgm. for the control, 
6.20 mgm. for 0.1 per cent of toluene, 6.93 mgm. for 1 per cent and 6.58 mgm. 
for the 5 per cent of toluene treatment. The greatest gain is found between 
the control and 0.1 per cent of toluene treatment; protozoa were found in 
the latter soil 12 days after treatment, so that surely they had enough time 
within the 55 days to stop bacterial development. Exactly the same is true, 
only to a lesser extent of soil 9A. Soils llA and 7B did not show any appre- 
ciable gain of soluble nitrogen in the toluene treated soils over the controls. 
Soil 7A contained the lowest amount of organic matter and it is only natural 
to find the lowest amount of ammonia formed, but here again, the toluene 
treatment did not result in any greater increase in soluble inorganic nitrogen 
than the control. 

The results of the above experiment lead us to conclude that the treatment 
of an ordinary field soil with toluene will bring about a change in the different 
ratios between the various groups of soil microorganisms as present in the 
soil; the total number of bacteria and actinomycetes first decreases as a 
result of treatment followed by an increase; the larger the amount of toluene 
applied, the greater will be the decrease in bacterial numbers and the more 
delayed will be the increase following. The ratio of actinomycetes to the 
total number of microorganisms developing on the plate decreases with an 
increase in the latter, but is finally followed by an increase. 

Treatment of soil with toluene had a marked influence upon the develop- 
ment of the fungi. These organisms were nearly all destroyed as a result of 
toluene treatment, but some of them seem to have survived and have devel- 
oped so rapidly that the numbers soon greatly exceeded those in the original 
soil. The surviving fungi belonged only to very few species, as could be 
readily recognized from the plates, perhaps not more than three or four, 
especially the common soil Zygorhynchus and a certain pink Penicillium. 

Soil treated with toluene is made a better medium for the growth of a few 
specific fungi. Although the protozoa were at first destroyed, especially the 
flagellates, they reappeared after some time, depending on the amount of 
disinfectant applied; in view of the fact that in certain soils (7B) the greatest 
increase in bacterial development coincides with little injury to protozoa, one 
might be justified in concluding from these experiments that an increase in 
the numbers of bacteria and in the decomposition of organic matter in the 
particular soil is not necessarily correlated with the absence or presence of 
protozoa. 

The above experiment was repeated, with soils from only plots 5A, 7A 
and 7B. The soil was placed in 2-kgm. portions in large pots and brought 
to optimum moisture content. One pot of each soil was left as control, 
two pots were treated with 2 per cent of toluene for 48 hours and two were 
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heated (by placing in hot water, with thermometer in center of soil) for 1 hour 
at 65-75°C. After 48 hours the toluened soil was spread out for 4 hours to 
allow the toluene to evaporate. The soil was then returned to the pots and 
brought back to weight with sterile distilled water. One of the two treated 
pots was left without further treatment and to the other one 5 per cent of 
fresh soil was added and well mixed in. The pots were then kept covered in 
the incubator at 25-28°C. At frequent intervals, samples were taken for the 
determination of numbers or bacteria and actinomycetes, fungi, ammonia- 
and nitrate-nitrogen. The pots were kept at the same moisture content. 
Results are given in table 3. 

Here again we find that the control soils (5A and 7B), when brought under 
optimum moisture and temperature conditions, show at first a slight increase 
in the number of microorganisms, followed by a constant decrease. Soil 7A 
shows more or less uniform numbers for the first month. The discrepancy 
in the behavior of 7A in this experiment from the previous one may be due 
to the fact that this time the soil was sampled in April when the moisture 
was at an optimum, while the previous experiment was carried on in the fall. 
The ammonia in the control soil is present always only in small amounts 
while, on continued incubation, it even tends to diminish because of its 
transformation into nitrates. The latter continuously accumulate in the 
incubated untreated soil. The total soluble nitrogen constantly increases 
in the manured soil (5A) which is rich in organic matter, while it remains on 
a level in the two unmanured plots. At the beginning all the three plots con- 
tained about 2 mgm. of soluble nitrogen in 100 gm. of soil; at the end of 31 
days’ incubation, 5A contained about twice as much soluble nitrogen, or 3.68 
mgm., while 7A and 7B contained only 1.84 and 2.06 mgm, respectively, or 
just about the same as when freshly sampled. 

Toluene treatment exerted a characteristic influence upon the numbers of 
microorganisms in the soil and upon ammonia accumulation, similar to that 
observed by other investigators and in our first experiment. The total num- 
bers were depressed as a result of the treatment, but soon began to increase 
greatly exceeding the untreated soil. The same is true, but to a much more 
striking extent of the fungi. Toluene almost completely depressed this group 
of organisms in the soil but they soon began to multiply again, especially so 
in the reinoculated soil. The three soils behave differently after toluene treat- 
ment. The slightly acid soil 5 A, rich in organic matter, allowed only a fair 
increase in the number of bacteria (including the actinomycetes) so that in 
30 days this soil contained over twice as many bacteria as the untreated con- 
trol soil. The numbers of fungi which were diminished from 34,000 to 65 
per gram or practically completely repressed as a result of toluene treatment, 
have increased in the uninoculated soil to 132,000 and in reinoculated soil 
to 190,000 per gram; t.e,, to four and nearly six times the number of those of 
the control soil. In 7B, the neutral, limed soil, rather poor in organic matter, 
the numbers of bacteria, originally less than in 5 A, were repressed to a 
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greater extent by the toluene; this was followed by an increase so that in 15 
days there were 35,000,000 and 70,000,000 in the uninoculated and rein- 
oculated soils respectively; i.e., three and a half and seven times as much as 
those of the control. The fungi, however, in this very soil, multiplied only 
very slowly even when reintroduced. The microbial flora in 7 A behaved in 
a similar way as in 5 A, never reaching such large numbers as in the latter 
undoubtedly because of the lower content of organic matter. 

It is interesting to note here that 5 A was found to contain after 15 days' 
incubation both amoebae and flagellates in the uninoculated and reinoculated 
soils, w^hile 7B contained flagellates in the reinoculated soil and no protozoa in 
the uninoculated soil. Soil 7A was free from protozoa. In 43 days, there 
wns an abundance of protozoa, chiefly small amoebae and flagellates in all 
the soils. As a matter of fact, the toluene- treated and reinoculated soils 
contained larger numbers of amoebae than the control soils. The uninocu- 
lated soils contained fewer protozoa. There was no correlation, however, 
between the numbers of bacteria and development of protozoa. 

There was a slight increase in ammonia as a result of toluene treatment, 
especially in soil 5A. The ammonia continuously increased in soil 5A, both 
in the uninoculated and reinoculated soils, while the nitrifying bacteria 
became active in both cases only after 60 days. The increase in ammonia 
^vas only slight in soil 7 A, while it actually decreased in the reinoculated soil. 
There was a definite increase in ammonia content in soil 7B, a part of which 
W'as converted into nitrates in the reinoculated soil, in which the nitrifying 
bacteria became more active than in the unlimed soils, once reintroduced. 

When we compare the curves for bacteria, fungi and ammonia (fig. 1, 2, 3) 
for soils 5 A, 7 A, and 7B, we find that the ammonia accumulation does not go 
hand in hand with the increase in bacteria: but that there is much less 
ammonia formed in soil 7B with a much greater bacterial flora than in soil 
5A. We could explain the ammonia accumulation by the fungus curve, but 
even this would not be the whole explanation. 

Soil 5A is rich in organic matter and acid in reaction, therefore it favors 
fungus development; soil 7 A is even more acid in reaction but poor in organic 
matter, and we would, therefore, expect that any fungus development taking 
place in this soil would be at the expense of the soil nutrients; soil 7B is nearly 
neutral in reaction and is poor in organic matter, we w’ould then expect a 
limited fungus development, independent, of course, of the development of 
protozoa and bacteria. The latter, however, are markedly influenced by the 
development of fungi. A high fungus flora in a soil rich in organic matter 
(5A) seems to have some relation to the rather limited increase in bacteria, 
in comparison with a soil (7B) not favoring the development of fungi. The 
accumulation of ammonia depends upon the abundance of organic matter 
in the soil, the amount of ammonia used up by the soil organisms and that 
transformed into nitrates. Soil 5A, rich in organic matter allows a large de- 
velopment of bacteria and fungi and a high accumulation of soluble nitrogen. 
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Soil 7A, acid in reaction and low in organic matter, allows a limited develop- 
ment of bacteria, a high development of fungi and, as a result of these two 
phenomena, a low accumulation of soluble nitrogen. Soil 7B, neutral in 
reaction but low in organic matter, allows a high development 'of bacteria 
low development of fungi, and, as a result of these two phenomena, a com- 
para lively high accumulation of soluble nitrogen. 



Fig. 1. Intlufate of Toluene and Heat upon Numbers of Bacterla, Fungi and 
Accumulation of Soluble Nitrogen in an Acid Soil Rich in 
Organic Matter (5A) 

HeaUng the soil produced about the same effect as treatment with toluene. 
Bacteria increased at first in 5A only to a limited extent in the uninoculated 
soil, but very markedly when the soil was reinoculated. Fungi increased in 
both cases rapidly, more so in the reinoculated soil. Bacteria increased rapidly 
in soil 7B in both uninoculated and reinoculated soils, while the fungi multi- 
plied rapidly only when reinoculated. A great deal of ammonia was formed 
in soil 5 A, a part of which was transformed into nitrates in the reinoculated 
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soil. Some ammonia was formed also in soil 7B, less in the uninoculated 
than the reinoculated soil, possibly due to the more abundant development 
of fungi in the latter. The nitrifying bacteria became active in the heated 
soil more rapidly than in the toluene- treated soil, especially when reinoculated. 
A detailed discussion of the metabolism of bacteria, fungi and actinomycetes 
as bearing upon these results will be published later. 



Fic. 2. Influence of Toluene upon Numbers of Bacteria, Fungi and Accumulation 

OF Soluble Nitrogen in an Unlimed Acm Soil Poor in Organic Matter (7A) 

SUMMARY 

1. The results of a study on the influence of toluene and heat upon the 
microbiological population of variously treated soils are reported. 

2. Toluene and heat influence markedly not only the development oi 
bacteria and protozoa in the soil but also that of the actinomycetes and 
especially the fungi. 

3. The results on the influence of toluene and heat upon bacteria and pro- 
tozoa agree with those of previous investigators. 
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4. The fungi are repressed very markedly by toluene and heat, but soon 
begin to develop, especially when reintroduced, and reach numbers greatly 
m excess of the untreated soil. The fungi developing in the partially sterh 
Jized soils are limited to only a few species. 

5. Ammonk accumulates in the partially sterilked soils in excess over the 
untreated soil, especially m soils rich in organic matter, but in poorer soils 

the rapid development of fungi may lead to a partial utilization of the 
ammonia. 



6. There is no correlation between the increase in bacterial numbers and 
accumulation of ammonia, when we compare soils containing different amounts 
Oi organic matter. 

It is possible that the protozoa become a limiting factor to bacterial 
evelopment in certain abnormal soils, such as sewage-treated soils or cer- 
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tain greenhouse soils, where the soil is practically saturated with moisture 
and in the presence of a great abundance of organic matter. However, in 
the case of normal soils, we should consider the part played by fungi and 
actinomycetes, in addition to bacteria, in the decomposition of organic mat- 
ter, the influence of the abundant development of those organisms upon 
bacterial numbers, the influence of kind and amount of organic matter upon 
the formation of ammonia and multiplication of bacteria, before we can 
attempt to explain the limitation of the bacteria. 
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PRATE 1 

Influence of 1 Per Cent of Toluene upon the Fungous Flora op the Soil 

The control jars are marked ‘‘c.” The dilution for the toluene-treated pots was 10,000: 
for the controls, 1000. 
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In a preliminary report (2) and a subsequent detailed contribution (6) upon 
the leaching of soil sulfates over an 8-year period, the influence of the oxides 
and carbonates of calcium and magnesium were shown to be divergent. That 
study had to do only with native materials, impurities of treatment, and 
rainfall, as sources of sulfates. Furthermore, the smallest additions were at 
the rate of 8 tons of CaO equivalence. It seemed desirable to ascertain 
whether added sulfureous materials are also subject to the divergent activities 
of calcium and magnesium. It was thought well to determine also the relative 
activities of economic applications of oxides and native carbonates upon soil 
without sulfur additions. Accordingly, in August, 1917, 3 years after the 
installation of the 46 lime-magnesia tanks, 22 additional lysimeters were 
placed. The sulfate leaching data secured from these 22 tanks during the 
first 5-year period are given in this contribution. 

METHODS AND MATERIALS 

While the annual periods for collection of leachings were from August to August, the 
annii.al rainfall collections were made quarterly. The 1917-1922 sulfate precipitations 
previously reported (5) are used in determining the amount of sulfate sulfur brought to the 
soil. 

The tanks were filled August 2, 1917, with a loam soil designated as “Cherokee.” It 
was acid to litmus and showed an electrometrically determined pH value of 6.27 ; ratio 1-10; 
one hour’s contact. Sodium peroxide o.ridation and disintegration showed an SOj content 
of 0.0815 per cent. Onedoot tanks only were used, since the earlier work (2.6) had definitely 
established the function of the subsoil in changing the concentration of sulfate leachings 
under different conditions of treatment. The depth of soil in good tilth was about 8 indies. 
Each tank embraced an area of 1/20,000 acre and received 118.7 pounds of moist soil, equiva- 
lent to 100 pounds, moisture -free basis. The moist soil was screened, mixed and protected 
overnight during the determination of moisture upon a large sample. The alkali-earth 
treatments were all based upon equivalence of the designated number of pounds, or tons, 
of CaO per acre 2,000,000 pounds of moisture-free soil. 

Three sulfur materials were used, ferrous sulfate, pjTitc, and pulverised sulfur. These 
three materials carried 18.15 per cent, 51.95 per cent, and 99.89 per cent of sulfur, respectively. 
Each was applied in an amount equivalent to 1000 pounds of S per acre 2,000,000 pounds 
of soil. The combination afforded an opportunity for study of the outgo of sulfates from 
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a readily soluble application carrying the sulfate radical, as compared with pyrite, which 
upon oxidation yields the same soluble sulfate, plus SO2, and the elementary form, without 
introducing any alkali addition. At the time of the inauguration of this experiment, insofar 
as known to us, no lysimeler investigation had been directed toward the availability of pyrite 
as a source of sulfur in soils. This material was included, therefore, as representing a cheap 
possible source of sulfur, in comparison with “flowers.’’ The tieatments are shown in the 
following outline: 

Outline of calciumj ?nagnesiumj and sulfur additions 

Tank No, Treatment 

50 Untreated soil 

51 Ground limestone, 100-mesh, equivalent to 2,000 pounds CaO per acre 

52 Ground dolomite, lOO-mesh, equivalent to 2,000 pounds CaO per acre 

53 Burnt lime, 2,000 pounds per acre 

54 Burnt lime, 3,750 pounds per acre 

55 Burnt magnesia, equivalent to 2,000 pounds CaO per acre 

56 Burnt magnesia, equivalent to 3,750 pounds CaO per acre 

57 FeSO<, equivalent to 1,000 pounds of S per acre 

58 FeS04, as in 57, and 3,750 pounds of CaO per acre 

59 FeSO^, as in 57, and MgO equivalent to 3,750 pounds of CaO per acre 

60 FeS04, as in 57, and 32 tons of CaO per acre 

61 FeSOi, as in 57, and MgO equivalent to 32 tons of CaO per acre 

62 FeSa (pyrite), equivalent to 1,000 pounds of S per acre 

63 FeSa (p3Tite), as in 62, and 3,750 pounds of CaO per acre 

64 FeS2 (pyrite), as in 62, and MgO equivalent to 3,750 pounds of CaO per acre 

65 FeSj (pyrite), as in 62, and 32 tons of CaO per acre 

66 FeS2 (pyrite), as in 62, and MgO equivalent to 32 tons of CaO per acre 

67 Sulfur, 2,000 pounds S per acre 

68 Sulfur, as in 67, and 3,750 pounds of CaO per acre 

69 Sulfur, as in 67, and MgO equivalent to 3,750 pounds of CaO per acre 

70 Sulfur, as in 67, and 32 tons of CaO per acre 

71 Sulfur, as in 67, and MgO equivalent to 32 tons CaO per acre 

It was planned to determine activation in sulfate generation through comparison 1k- 
tween chemically equivalent amounts of limestone and dolomite at the rate ordinarily u.wd 
in practice and a further joint comparison between these two materials and both burnt lime 
and magnesia upon the native sulfur materials in the soil. It was also intcndcfl to compare 
the effect of 1-ton and 32Ton admixtures of both CaO and MgO, where sulfur additions 
were made. The latter amount was taken as the maximum, in lieu of 100 tons, since the 
earlier work showed that the two heavy rates manifested the same tendencies. The lime- 
stone used was sulfur-free. The dolomite added sulfur at the rale of 35 [xmntls per 2,000,000 
pounds of soil. The 2000-pound, 3750-])ound, and 32-ton CaO additions showed impurities 
equivalent to 0.8 pound, 1.7 pounds, and 25.6 pounds, respectively, In the three corre- 
sponding additions of MgO the sulfur im[)urity amounted to 2,6 pounds, 4.9 pounds, and 83.2 
pounds. Only the 25.6-pound impurity of the heavy CaO treatment and that of 83.2 
pounds in the heavy MgO addition need be considered. 

In order to have an actual supplement of 2000 ijounds of CaO, ;t was necessary to lake 
into account the immediate acidity of the FeS04 and also the potential acidity of the un- 
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oxidized sulfur materials. The 32-ton CaO and MgO treatments were sufficiently excessive 
to minimize the difference between immediate and potential acidity. The lime necessary 
to care for such acidity was therefore added as supplementary to the 2000-pound addition, 
making 3750 pounds, or its equivalent, the supplementary minimum for sulfur carriers. 


TABLE 1 

First annual outgo of sulfates from Cherokee sandy loam— with and without sulfur additions — a.y 
influenced hy calcic and magnesic materials* 
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29.3 

7.0 

93.6 

57 

i None 

' None 

FeS04 

75.2 

1.30371: 

135.6 55. 1 : 

[48.3 ' 

151.5 

43.8 

534.3 

58 

! CaO 

' 3750 lbs. 

FeSOi 

73.8 

1. 88671: 

138.3 82.7236,8 ' 

300.5 

71.1 

829.4 

59 

1 MgO 

13750 lbs. 

FeSOi 

71,5 

2.7464258.4 160,4312.6 ^ 

161.8 

30.7 

923.9 

60 

CaO 1 

32 tons 

FeSO* 

77.7 

0.1747 

36.1 20.1 

6.3 

5.7 

14.0 

82.2 

61 

MgO 

32 tons 

FeS04 

54.9 

3.3142 

77.1 262.7: 

187.0 

1 

409.5 

70,8 

1007.1 

62 

None 

None 

Pyrite 

83.7 

0,3661 

14.7 23.7 

53.6 

80.2 

25.1 

197.3 

63 

CaO 

3750 lbs. 

Pyrite 

77.3 

0.4025' 

25.6 19.3 

40.9 

69.0 

34.5 

189.3 

64' 

MgO 

3750 lbs. 

Pyrite 

79.7 

0.3989 

27.3 29.9 

25.3 

76.6 

24.5 

183.6 

65 

CaO 

32 tons 

Pyrite 

84.4 

0.0611 

9.4 8.3 

2.2 

4.2 

7.4 

31.5 

66 

MgO 

32 tons 

Pyrite 

62.1 

0.4258 

11.5 27.6 

39.1 

71.0 

16.3 

165,5 

67 

None 

None 

Sulfur 

81.6 

1,0504 

55.4 69.8 

149,4 

188,9 

43.3 

506.8 

68 

CaO 

3750 lbs. 

Sulfur 

7.1.7 

1.6422 

96.9 66.2: 

195.2 

287.4 

87.8 

733.5 

69 

MgO 

3750 lbs. 

Sulfur 

79.4 

■1.7062 

101.3204.6 

160.2 

284.0 

I 66.5 

816.6 

70 

CaO 

32 tons 

Sulfur 

88,5 

i;0.1740 

17.8 19.9 

8.0 

8.6 

. 34.3 

88.6 

71 

MgO 

32 tons 

Sulfur 

55,5 

;;3.0761 

28.4 76.9 

O.Of 

259.5 

61.0 

425,8 

* 

Rainfall — August to August 37.69 inchci 

?— S precipitated, 43.6 pounds. 




t No leaching 

It was difficult to anticipate the period required for oxidation of pyritc and sulfur; hence 
the possibility of a considerable difference between the amount of residual lime or magnesia 
in the tanks wffiich received the 3750-pounfl basic treatment and the equivalence of free 
sulfuric acid and those wdiich received the same basic sui)plcmcnt to the unoxidized sulfur 
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materials of potential acidity. Accordingly, such an experimental discrepancy was provided 
for by no-sulfur-addition controls which received lime and magnesia at the two rates of 
2000 pounds and 3750 pounds. 

In the earlier work where no sulfur was added, it was difficult to determine definitely 
whether the initial minimum and subsequent increase of sulfate leachings from heavy burnt 
lime additions were due to initial bacterial inhibition and subsequent recovery, or to de- 
pressed solubility of calcium sulfate as long as the soil water was impregnated with Ca(OH) 2 , 
or to physical and chemical changes in the soil as consequent to the conversion of the excess 
of hydrate to carbonate. It was hoped that the inclusion of ferrous sulfate would clarify 
this phase of the problem. 

In the earlier investigation the effect of calcic and magnesic materials upon sulfur outgo 
was incidental to the main problem; hence, sulfate determinations were made only upon the 
annual composite of leachings. In the present study, however, the sulfate outgo was of 
primary interest, so that determinations of sulfates were made upon every periodic collec- 
tion of leachings throughout the 5-year period. For the sake of brevity, the analytical 
results of tables 1-6 are expressed only as annual average BaSO^-per liter determinations 
and as pounds per acre for the separate leachings. 


SULFATE LEACHINGS DURING THE FIRST YEAR 

No-sulfur additions. Limestone and dolomite both caused a very decided 
increase in the leaching of sulfates in the several collections throughout the 
year. At the 1-ton rate, CaO and MgO gave practically identical yields; 
but at the 3750-pound rate, both oxides caused a heavier yield of soluble sul- 
fates with the MgO giving greater response. These relationships held not 
only for annual outgo, but also for each of the 5 collections of drainage water. 
The 18-pound loss from the control was less than the 43.6-pound sulfur pre- 
cipitation for the year, but the outgo from each of the 6 treatments was in 
excess of rainfall sulfur. It is therefore apparent that the treatments have 
either induced the passage of all, or much of the rain water sulfur, or they have 
generated additional sulfates from the sulfur materials in the soil, unless it be 
that they have forced out sulfates previously resistant to leaching. 

FeSO^ additions. The five collections from the sulfate control gave a 
total recovery slightly more than one-half of the FeS 04 addition, as a result 
of the subnormal annual precipitation of 37.69 inches. Both supplementary 
treatments of CaO and MgO caused leachings very much heavier than those 
from the control, not only as totals, but also for all separate leachings, save 
one, the fifth and smallest. Eighty-one per cent of the addition is accounted 
for by the light CaO treatment and 91 per cent by the corresponding MgO 
treatment, after deducting the recovery obtained from the no-treatment con- 
trol. An entirely different parallel appears, however, in the case of the 
32-ton additions. Though added in soluble form at the beginning of the experi- 
ment, the sulfate addition did not come out in the leachings. The CaO so 
depressed the outgo of the incorporated soluble sulfate that the total for the 
year was only 10 per cent of that which came from the 1-ton plus supplement. 
This finding and similar results from the same lime supplement to the pyritc 
and sulfur treatments will be considered jointly in discussing chemical and 
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Fro. I. OF CaO, MgO, Limfstonf axo Dolomite upon- Leach, n-o of 

^ F Raixfall and Recovery of Aooeo 

FeSO,, With and Without CaO and llgO, as Determined from 
Periodic Leaching s Over a 5- year Inter \'al 

No sulfur „ 

I'errous sulfaie 

lank 50, no supplement Tank 57, no supplement 


Tank 51, limestone, 2,000-lb. CaO 

equivalent 

Tank 52, dolomite, 2,000 lb. CaO 
equivalent 

Tank 53, CaO, 2,000 lbs 

Tank 54, CaO, 3,750 lbs 

Tank 55, MgO, 2,000-lb. CaO 
equivalent 


Tank 5 aS, CaO, 2,000 lbs. (-f 1750} 

Tank 59, MgO, 2,000-lb. CaO 

equivalent (+ 1750) 

Tank 60, CaO, 32 tons 

Tank 61, MgO, 32-ton CaO equiv- 
alent 


■X 

o 


Tank 56, MgO, 3,750-lb. CaO 
equivalent 


lockmical causes and in connection with previous work. On the other hand, 
the heavy MgO treatment was responsible for almost a full recovery, 98.91 

per cent, of the added sulfate after deduction of the outgo from the no-treat- 
ment control. 
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Pyrite conditions. The control of this treatment gave an outgo which 
indicates an oxidation of 19 per cent of the addition. The reaction responsible 
for the oxidation of FeS 2 into FeS 04 also generates 502, equal quantities of 
S being accounted for by the two end-products. It is more probable that the 

TAaT,E 2 


Second annual outgo of sulfates from Cherokee sandy loam — with and without sulfur additions — as 
influenced by calcic and magnesic materials* 



! 

TREATMENTS PER 2,000,000 LBS. OP SOIL 


! Kl 

! 2 

S LOST IN LEAOnNGS PROM AN ACRE SURFACE 
EXPOSURE, 2,000,000 LBS. OF SOIL 


Calcic-magnesic j 


o 

1 

1 






r 

s 

3 

> 

K 

'■A 

$ 

H 

Material 

CaO equiva- 
lence lbs. 
or tons 

Equivalence 
1000 lbs. o: 

1^ 

a 

AVERAGE OP 
LITER FRO 
DETER MINA 

s 

a 

0 

C 

c4 

Feb. 24. 1919 

April 22, 191S 

V 

to 

3 

< 

00 

3 

o 

' H 

50 

, j 

' None 

None 

None 

liters 

131.6 

! im. j 

1 0.0444! 

' 1 

lbs. 

8.4 

: lbs, 

! 11.7 

lbs. 

1.8 

j lbs. 

! 9,7 

lbs. 

5.6 

! lbs. 

1 37.2 

51 

Limestone 

2000 lbs. 

None 

130,5 

1 

0.0677i 

24.9 

^ 12.4 

5.3 

1 

5.9 

6.6 

1 

55.1 

52 

Dolomite 

2000 lbs. 

None 

130.9 

0.0670| 

26.8 

! 12.4 

4.9 

' 7.1 

j 

4.8 

' 56.0 

1 

53 

CaO 

2000 lbs. 

! None 

■131.1 

1 0.0706 

18.6 

i 19. s' 

6.7 

1 7.6 

5.8 

58.5 

54 

CaO 

3750 lbs. 

1 None 

122.3 

0.07281 

24.5 

: 12.7 

4.7 

6.9 

7.4 

56.2 

55 1 

MgO 

2000 lbs. 

None 

124,4 

' 0.0677 

15,0. 

19.9 

4.4 

7.1 

7 0 

53.4 

56 j 

MgO 

3750 lbs. 

None 

1 

124. 9j 

1 0.0720 

14. 7i 

1 21.9^ 

7.6 

5,8 

6.6 

56.6 

1 

57 

None 

None 

1 FeSO^ 

124.3^ 

1 0.2249 

i 

67.9 

54. l’ 

14.7 

25.7 

18.5 

180.9 

58 

CaO 

3750 lbs. 

FeS04 

,121.7 

0.2206 

83.31 

■ 43.2; 

14.8 

18.2 

13.6 

|l73.1 

59 

MgO 

3750 lbs. 

FeSO, 

118,0 

' 0.1783, 

22. 3| 

50.7 

24,3 

18,1 

13.8 

:i29.2 

60 

CaO 

32 tons 

FeSO* 

109.4: 

! 0.2839 

66, 7| 

! 35.9 

8.7| 

22.0 

45.1 

jl78.4 

61 

MgO 

32 tons 

FeSOi 

102. 2 

0.2133 

84 8, 

46 6 

10.6 

10. 9| 

1 31.0 

jl83.9 

62 

None 

None 

' Pyrite 

124.4 

0,3407 

139,2 

64.4 

5.6' 

36,7* 

32.9 

1278. S 


CaO i 

3750 lbs. 

Pyrite 

126,6 

0.3115 

151, li 

42,4 

4.6 

19. li 

* 45.9 

[263 . 1 

64 

' MgO i 

3750 lbs. 

Pyrite 

128,2 

0.3123 

149,1, 

36 9 

19,7 

11 9i 

! 37 ,0 

*254.6 

65 

CaO 

32 tons 

Pyrite 

1132.0 

0.0793 

23.4 

12.8 

2.0 

10,2 

1 18,7! 67,1 

66! 

1 

MgO 

32 tons 

Pyrite 

107.4 

0.2315 

43.2 

33.5 

14.3 

9,5 

6.7 

|107.2 

67 

None 

None 

Sulfur 

130.7 

0.2504 

80.6 

67.7 

19.8 

26.0 

16.9 

I2II.O 

68 

CaO 

3750 lbs. 

Sulfur ! 

122.7 

0.2977 

121.9 

64,6 

15.6 

19.1 

14.5 235.7 

69 

MgO 

3750 lbs. 

Sulfur i 

123.5 

0.2708 

137.8 

37.9 

13.5 

15.0 

14.4|2I8.6 

70 

CaO 

32 tons 

Sulfur 

122.9 

0.2570 

82.7 

28.5 

2.8 

21.6 

69.61205.2 

71 

MgO 

1 

32 tons 

Sulfur 

102.6 

0 8640 

395.4 

154.2 

26,1 

18.9 

12.9j607.5 


* Rainfall August to August 51.41 inches— S precipitated, 45.0 pounds. 


moisture conditions of the soil and supplies of basic silicates, together with 
oxidative processes, are responsible for the conservation of the generated 50^ 
as dissolved sulfates rather than permitting its loss in the gaseous phase. The 
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inclusion of CaO and MgO at the 2000-pound-plus rate showed but little 
effect, 18 per cent oxidation having been indicated by the leachings from these 
two treatments. The additions of the two bases still further decrease the 
probability of loss of the SO 2 generated in the process of oxidation of FeS 2 . The 
heavy CaO again showed distinct depressive influence upon sulfate outgo. The 
total recovery of 31.5 pounds was but little more than the loss from the no- 
sulfur control and less than the sulfur content of the annual precipitation. 
Indication of depressed oxidation is evidenced by the retardation of sulfate 
leachings from the heavy MgO addition, in comparison with the pyrite con- 
trol and light treatments, and this indication finds substantiation in the still 
more striking results of the four succeeding years. 

Stdfur additions. The sulfate sulfur outgo from the sulfur control was 
practically one-half of the amount introduced through treatment. Acceler- 
ation in outgo, as indicative of increased sulfoficalion, was caused by the light 
treatments of both CaO and MgO, the latter ha\dng proved the more active. 
Once more the heavy burnt lime showed the smallest sulfate yield, although 
its leachngs carried more than those from the same treatment used with 
either sulfate or pyrite and also five-fold more than the leachings from the no 
treatment control. The heavy MgO addition gave a large recovery, though 
one considerably less than that of the sulfur control. It probably should be 
explained that the last leaching of the year from this treatment was very much 
smaller than the leachings from the other four tanks of the same group. There 
were no collections between August 4, the end of the first }Tar, and December 
11, when the first collections of the second year were obtained. This first 
collection of the second year was heavily impregnated with sulfates, carrying 
the per acre equivalent of 395.4 pounds of sulfate sulfur. When this amount 
is added to the total of the first year and the control is handled in the same 
way, an accelerative influence is shown for the heavy MgO addition. 

SULFATE LEAaUNGS DUBING THE SECOND YEAR 

No’Sidfur additions. The loss from the control through leachings caused by 
the 51-inth rainfall was greater than that caused by the smaller and subnor- 
mal precipitation of the first year. The control outgo was still less than the 
content of rainfall and considerably less than the rather closely agreeing losses 
from the four 2000-pound and two 3750-pound calcic and magnesic additions. 

FeSOi additions. The sulfate recovery from the FeSOi control was nearly 
the same as that from the light CaO treatment in spite of tlie large excess 
released by the latter during the first }^ear. But the still greater excess 
initially shown by the light MgO was reflected in the decrease below that of 
the control. This tendency toward decrease was not manifested, however, 
by the heavy MgO addition. This may be due in part to activated oxidation 
of native materials and impurities, or accelerated movement of rainfall. The 
sulfate outgo from the heavy CaO was more than twice that of the initial year. 
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A decided decrease in Ca(OH)2 concentrations of leachings was also found. 
Nevertheless, a large fraction of the applied sulfate was still held back by the 
maxiinum CaO addition. 


TABLE 3 


Third annual outgo of sulfates from Cherokee san-dy loam— with and without sulfur additions— as 
influenced by calcic and magnesic materials* 


a; 

n 

'A 

D 

a 

7, 

TREATMENTS PEK 2,000,000 LBS. OF SOIL 


^ 2 

W flH « 
d ^ 

PP a 2 

< 

S LOST IN LEACHINGS FBOM AN ACRE SURFACE 
EXPOSURE, 2,000,000 LBS. OF SOD. 

j Calcic -Magnesic 

Equivalence of 
1000 lbs. of S 

IS 

7 

<; 

g 

H 

O' 

O' 

O 

Cv 

O' 

oo' 

d 

o 

P 

Feb. 4, 1920 

March 13, 1920 

April 2, 1920 

o 

O' 

U 

fl 

3 

Total 1919-1920 

Material 

CaO equiva- 
lence 





liters 

gm. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

5C 

None 

None 

None 

169. C 

1 0.0450 

1 6.5 

12.4 

: 8.7 

' 7.2 

5.3 

1 6.5t 

46.6 

51 

Limestone 

2000 lbs. 

None 

166.9 

0.0426 

8.4 

9.6 

' 8,4 

6.5 

4.4 

6.2 

43.5 

52 

Dolomite 

2000 lbs. 

None 

164.3 

0.0453 

8.0 

11.2 

9.4 

6.8 

4.4 

5.7 

45.5 

53 

CaO 

2000 lbs. 

None 

170.0 

0.(M60 

10.2 

11.4 

9.1 

7.0 

4.1 

6.5 

47.8 

54 

CaO 

3750 lbs. 

None 

164.8 

0.0490 

10,0 

8.7 

9.2 

7.4 

4.8 

8.8 

48.9 

55 

MgO 

2000 lbs. 

None 

165.1 

0.0462 

9.6 

11.0 

9.9 

6.5 

3.6 

6.2 

46.8 

56 

MgO 

3750 lbs. 

None 

165.4 

0.0508 

10.5 

10.7 

9.5 

7.3 

5.0 

8.3 

51.3 

57 

None 

None 

FeSO, 

165.2 

0.1086 

16.1 

29.7 

22.2 

15,3 

12.9 

13.1 

109.3 

58 

CaO 

3750 lbs. 

FeSOi 

164.1 

0.0745 

17.0 

18.5 

13.3 

9.1 

7.5 

8.8 

74.2 

59 

MgO 

3750 lbs. 

FeS 04 

160,3 

0.0632 

17.6 

7.8 

12.2 

8.3 

6.2 

8,4 

60.5 

60 

CaO 

32 tons 

FeS04 

127.6 

0.3637 

68.0 

66.8 

39,2 

29.0 

22.0 

35.7 

260.7 

61 

MgO 

32 Lons 

FeS04 

136.4 

0.0636 

5.8 

13.4 

12.0 

10.6 

8.6 

4.1 

54.5 

62 

None 

None 

Pyrite 

162.8 

0.2065 ‘ 

12.5' 

64.2. 

36.6 

18.8 

20.7 

23.2 

206.0 

63 

CaO 

3750 lbs. 

Pyrite 

164.7 

0.1524^ 

11,9- 

44.9: 

22.7 

13.1 

10.5 

20.4 

153.5 

64 

MgO 

3750 lbs. 

Pyrite 

165.3 

0.1327^ 

15.8- 

10.4 

18.5 

10.0 

6,4 

12.2 

133.3 

65j 

CaO 

32 tons 

Pyrite 

139.0 

0.1216: 

>1.0: 

20.4 

14.3 

12,4 

9.8 

18.6 

96.5 

66i 

MgO 

32 tons 

Pyrite 1 

139.5 

0.0932: 

12.8: 

>5.0: 

16.8 

10.9 

7.3 

5.8 

78.6 

67 

None 

None 

Sulfur 1 

[67.2 

0.1149: 

JO. 2: 

12.6: 

>2.8: 

13.6 : 

12.7 

15.6 : 

117.5 

68 

CaO 

3750 lbs. 

Sulfur j] 

:60.7 

0,07971 

[7.ol: 

11.5 ] 

[5.0 

9.3 

7.4 

7.9 

78.1 

69 

MgO 

3750 lbs. 

Sulfur 1 

62.1 

0,0712 1 

.7.8;] 

.7.91 

[2.9 

S.3 

5.5 

8.0 

70.4 

70 

CaO 

32 tons 

Sulfur 1 

45.1 

0.3175 7 

’3.9C 

>5 .8 3 

10.4: 

13.7: 

>1.7^ 

17.6 : 

163.1 

71 

1 

MgO 

D „ r- 1 1 4 

32 tons 1 

Sulfur 1 

43.1 

0.1335j30.9j3 

17.0|2 

!2.7 1 

[3.3 

8.1 

5.4 1 

:i7.4 


^Rainfall— August to August 54.75 inches— S precipitated, 4*1.1 pounds, 
t No leaching between June 21 and close of annual period August 4. 


Pynie additions,^ The same order of sulfur recoveries obtained as for the 
previous year. Slight retardation in oxidation was evidenced by the sulfate 
outgo from the two oxides in light applications, with more decided indication 
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in the heavy MgO treatment and still greater repression for the heavy addition 
of burnt lime. The yield of 67.1 pounds in this last instance, however, was 
more than double that from the same tank during the previous year. Very 
much heavier recoveries were obtained from the heavy CaO treatment where 
sulfur was supplied as sulfates and where derived from oxidation of added 
elementary sulfur. Since the recovery of added sulfate was increased by light 
treatments of both CaO and MgO, it is apparent that the oxidation of the 
pyrite was not accelerated by the light additions of either lime or magnesia, 
while it was distinctly depressed by the heavier treatments of both materials. 

Stdfur additions. The sulfate recovery from each of the light additions 
was greater than that from the control, although the latter contained a con- 
siderably larger residue as a result of the greater losses from the CaO and MgO 
during the first year. All of the treatments yielded greater quantities of 
sulfates than those which came from the same treatments in the FeS04 group 
during the second year. But, even with smaller unoxidized residues from 
additions, the yield from each treatment in the sulfur group was more than that 
from the corresponding alkali-earth supplement in the pyrite group. Coin- 
cident with removal of excess of hydrate through leaching and through car- 
bonation, the repressive influence of the heavy CaO addition was materi- 
ally lessened. The large outgo of 607.5 pounds of sulfate sulfur from the 
heavy MgO treatment is accounted for by the fact that the sulfate content of 
the first leaching of the second year was about equivalent to the aggregate 
sulfate outgo of the first year and about two- thirds of the total outgo of the 
second year. As stated, this initial leaching of the second year came after 
an unusually dry spell, which extended from August to December. 

OUTGO OF SULFATE DURING THE THIRD YEAR 

'No-suljiir additions. The sulfates passing from the control slightly exceeded 
the losses from the limestone and dolomite treatments and were almost equal 
to those from the 1-ton and 3750-pound additions of CaO and MgO, and for 
the first time equaled the amount brought down by rain. 

FeSO^ additions. The leachings from the FeS04 control carried more 
sulfates than did those of either of the light additions, and also more that those 
of the heavy MgO treatment. The outgo from the heavy lime incorporation 
was the maximum for the group and the largest of the progressive increases in 
annual losses from the same tank during the first three years. The parallel 
of Ca(OH)2 reversion to carbonate and the progressive tendency of the soil 
to release added, or engendered, sulfates is again indicated. After recovery 
in excess of the addition, as a result of the extensive leaching of the first year, 
and the considerable yield for the second year, the heavy MgO dropped during 
this year to an outgo close to that of the control. Because of the readiness with 
which the magnesium salts are removed by leaching, it is probable that the 
sulfate outgo from the heavy addition of magnesium oxide was derived mainly 
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from the sulfate addition and rainfall rather than from sulfates engendered 
from components native to the soil. 


TABLE 4 

Fourth annual outgo of sulfates from Cherokee sandy loam — loUh and without sulfur additions — o-j 
infiuenced by cakk and magnesic materials* 


K 

H 

a 

P 

z 

1 

TREATMENTS PER 2,000,000 LBS. 

OP SOIL 

55 

! 1 

' t 

0 

S o 

2 

S LOST IN LEACHINGS PROM AN ACRE SUREACE 
EXPOSURE, 2,000,000 LBS. OP SOIL 

Calcic-ma^nesic 

! -3 '3 

.2 g-o 

^ o S 

Equivalence of 
1000 lbs. of S 

6 , o 5 

« w 

2 S w 

1 P Q 

0 ^ 

2 2 I i 

3 2 o 

1 1 1 S 

i - s 

s ^ 

*S a ^ 

In < < 

O 

s 

"3 

H 






gm. 

lbs. lbs. lbs. lbs. 

lbs. lbs. lbs. 

lbs. 

50 

None 1 

None 

None 

187.8 

0.0357 

4.7 6.9 6.3 6.5 

6.2 5.2 4.7 

40.5 

51 

Lime- 

' 2000 lbs. 

None 

192.1 

0.0349 

5.6 6.8 5.1 5.1 

5.6 5.8 6.7 

40.7 


stone 








52 

Dolo- 

2000 lbs. 

None 

193.5 

0.0349 

5.2 6.3 5.6 5,2 

5.7 6.6 6.3 1 

40.9 


mite 








53 

CaO 

! 2000 lbs. 

None 

190.1 

0.0393 

7.7 7.5 5.2 5.4 

6.2 6,5 6.6 

45.1 

54 

CaO 

'3750 lbs. 

None 

178.3 

0.0379 

7.3 5.0 4.4 5.0 

6.4 5.7 6.4 

40,2 

55 

MgO 

! 2000 lbs. 

None 

182.1 

0.0386 

8.0 7.3 5.4 5.0 

5.9 5.6 5.5 

42,7 

56 

MgO 

3750 lbs. 

None 

181,0 

0.0400 

6.6 5.3 6.0 5.1 

5.6 6.4 8.0 

43.0 

57 

None 

None 

FeSOi 

176.5 

0.0626 

9.614.312.0 8.8 

10.1 7.8 5,1 

67.7 

58 

CaO 

3750 lbs. 

FeS04 

178.9 

0.(M5l 

11,3 10.8 7.3 5.6 

5.2 5.0 5.0 

50.2 

59 

.AlgO 

3750 lbs. 

FeS04 

175.5 

0.0129 

10,1 9.3 5.5 5.2 

5.9 4.9 5.1 

46.0 

60 

CaO 

32 tons 

FeSOi 

120.5 

0.3232 

107.942.526.9 f 

23.0 21.1 t 

221.4 

61 

AfgO 

32 tons 

FeS 04 

165.8 

0.0400 

6.7 6.8 7.5 6,3 

5.7 4.9 3.5 

41.4 

62 

None 

None 

Pyrite 

178.2 

0.1055 

16.623.922.3 15.3 

17.2 12.5 8.2 

116.0 

63 

CaO 

3750 lbs. 

Pyrite 

180.8 

0.1106 

25,216.3 16.7 12.9 

12.7 14.821.1 

119.7 

64 

MgO 

3750 lbs. 

Pyrite 

180.4 

0.0772 

17.717.3 12.2 8,1 

18.7 7.812.5 

94.3 

65 

CaO 

32 tons 

Pyrite 

156.1 

0.1507, 

29.315.819.311.8 

12.2 11.032,5 

131.9 

66 

MgO 

1 

32 tons 

Pyrite 

163.6 

0,05391 

j 

9.4ko,4ll0.6l 9.1 

1 O.sU.Ol 3.7 

\ 54.3 

67 

None 

None 

Sulfur 

|j80.1 

0.0633 

8.616,313.5 8.5 

110.8 8.4 3.9 

70.0 

68 

CaO 

3750 lbs. 

Sulfur 

176.4:0.0466 

12,3 11.4 6.8 5.2 

; 6.1 5.4 3.9 

51 1 

69 

MgO 

3750 lbs. 

Sulfur 

176.4 0.0459 

10 1 8.7 7,2 6.2 

: 6.3 5.5 5.6 

49.6 

70 

CaO 

32 tons 

Sulfur 

164. 5j0, 2344 

57,426.7 29.5 18.5 

16.520.448.7 

217,7 

71 

MgO 

32 tons 

Sulfur 

161.4 0,0524 

) 

7,3 9.5 11.2 8.5 
1 

i 6.6 4.7 3.3 

51.1 


* Rainfall, August to August 55,19 inches; S precipitated, 44.0]>ounds. 
t Xo leaching. 


Pyrile additions. The pyrite control continued to liberate more sulfates to 
the teachings than did either of the light amendments. The heavy additions 
of both lime and magnesia still further depressed the sulfate liberation, the 
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magnesia being the more depressive for both rates. It is apparent that the 
larger amount of magnesia is very much more depressive upon the agencies 
responsible for the oxidation of pyrite than upon those responsible for the 
conversion of elementary sulfur into sulfates. 

Stdfur additions. After exceeding the control in sulfate losses during the 
first two years, both light basic treatments trailed in outgo of sulfates during the 
third year. At the beginning of the third year the heavy MgO treatment had 
already caused a sulfate sulfur outgo in excess of the amount of elementary 
sulfur added. The sulfate leaching for the third year, therefore, suffered a 
decided decrease, though it was still equal to the loss from the sulfur control. 

It was also 2\ times as great as the outgo from the no-treatment control and 
more than twice as great as rainfall sulfur. The heavy line treatment acted as 
a deterrent, as it did when used with the soluble FeSOi. After progressive 
increases the maximum outgo occurred during the third year. 

Although inhibitive to nitrification during the period of the first fourleachings 
of the initial year, the 32-ton lime treatment distinctly accelerated the nitrate 
outgo during the leachings of the fifth collection and it has continued to do so 
during the rest of the five years. Therefore, without amplification of these 
results, it is not proved that sulfates were not formed biologically from the ele- 
mentary sulfur added with the heavy treatment of lime, even though such 
sulfates did not appear in the leachings in amounts so large as those in other 
treatments of the same group. 

OUTGO OF SULFATES DURING THE FOURTH YEAR 

No-sulfur additions. The sulfate loss from the control was almost identical 
with losses from both native carbonates and the loss from the 3750-pound CaO 
treatment. It was but little less than the losses from the three other treat- 
ments of lime and magnesia in this group. 

FeSO\ additions. The outgo from this control continued in the direction of 
progressive decrease from the maximum of the initial year. The light line 
treatment and both light and heavy magnesia additions showed the same 
tendency. The recovery from each of these three treatments was less than 
the loss from the control, as had l^een the case during the second and third 
years, following excessive amounts of the first year. The outgo from the 
heavy CaO was very much greater than that from any of the other four tanks of 
the groups. The peak of the sulfate outgo from the heavy lime addition had 
been reached, hotvever, during the previous t'ear and the loss during the fourth 
year represents an intermediate step between, the outgo of the third year 
and that of the fifth }-ear, in progressi\’c recession from the maximum. 

Pvrite additions. The recovery from the control and that from the light 
CaO supplement were in close agreement. Both recoveries showed positive 
progressive decrease from corresponding maximum losses of the second year. 
The same was true of the somewhat smaller outgo from the 3750'pound 
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MgO addition. A stiil smaller recovery, the smallest ofjthe pyrite group, came 
from the heavy MgO treatment, and maintained the progressive order of 
decrease from the maximum of the initial year. This order of outgo was the 
same as that maintained by the added soluble sulfate. The largest recovery 

TABLE 5 

Fifth annml outgo of sulfates from Cherokee sandy loam — with and without sulfur additions — as 
influenced hy calcic acid and magnesic materials* 


g 

r 

z 

M 

’t 

TREATMENTS PER 2,000-000 LBS. OF SOIL 

z 

g 

< 

S 

hi 

AVERAGE OF BaS04 PER 
LITER FROM PERIODIC 
DETER M [NATIONS 

S LOST IN LEACHINGS FROM AN ACRE SURFACE 
EXPOSURE, 2,000,000 LBS. OF SOIL 

_ 

Calcic ma. 

"d 

1 

i 

gneslc 

u 

Equivalence of 
1000 lbs. of S 

Dec. 20, 1921 

Jan. 21, 1922 

i 

April 28, 1922 

a 

< 

Total 1921-1922 






gm. 

lbs. 

lbs, 1 

lbs. 

lbs, i 

Ib^, 

lbs. 

50, 

None 

None 

None 

142.3 

0.0386 

5.5 

8.1| 

8.3 

7.0i 

4.6 

33.5' 

51 i 

Limestone 

2000 lbs. 

None 

139.2 

0.0415 

8.6 

9.1; 

5.5 

6.1 

5.5 

34.8 

52 

\ 

Dolomite 

2000 lbs. 

None 

139.2 

0.0444 

^ 8.6, 

10.0 

7.9 

5.9 

4.8 

37.2 

53 

CaO 

2000 lbs. 

None 

133.2 

0.0429 

8.3i 

7.8 

7.4 

5.9 

4.8 

’ 34.2 

54: 

CaO 

3750 lbs. 

None 

132.7 

0.0437 

10 . Ij 

7.4 

6.8 

' 5.0 

5.4 

34.7 

55 

MgO 

2000 lbs. 

None j 

135.01 

0.0429 

, 9.2I 

8.4 

6.7 

5.9 

4.7 

34.9 

56 i 

MgO 

3750 lbs. 

None I 

Il38.4| 

0.0408 

8.9^ 

6.4 

7.6 

5.6 

5.3 

33.8 

57 

None 

None 

FeSO* 

'124.6 

0.0560 

' 5.8 

9.2 

10.1 

s 9.8 

7.5 

i 42.4 

58 

CaO 1 

3750 lbs. 

FeS04 

130.2 

, 0.0473 

8 .2i 

8.9 

8.0 

6.2 

6.2 

1 37.5 

59 

MgO 

3750 lbs. 

' FeSO* 

128.6 

0.0473 

8.4 

1 9.1 

7.2 

6.3 

5.5 

1 36.5 

60 

CaO 

32 tons 

^ FeS04 

110.9 

0.2402 

95.2 

' 19.4 

15.7 

10 . 5j 

6.4 

|l47.2 

61 

MgO 

^ 32 tons 

FeS04 

107.1 

0.0510 

4.3 

1 8.8 

11.4 

6.6, 

3.2 

34.3 

62 

None 

None 

Pyrite 

132.3 

0.1077 

18.7 

18.8 

19.8 

16. 8i 

12.5 

86.6 

63 

CaO 

3750 lbs. 

Pyrite 

132.4 

0.1136 

29.1 

' 20.0 

15.1 

13.7 

13.9 

91.8 

64 

MgO 

3750 lbs. 

Pyrite 

133.4 

0.0699 

18.7 

' 12.2 

8.4 

' 8.5 

7.9 

55.7 

65 

CaO 

32 tons 

Pyrite 

108.6 

0.1405 

38.8 

14.3 

1 11.4 

8 .2i 

14.0 

86,7 

66 

MgO 

32 tons 

Pyrite 

111.2 

0.0713 

8.7 

14.4 

14.8 

7.8 

4.2 

49.9 

67 

None 

None 

Sulfur 

137.5 

: 0.0611 

8.9 

11,6 

11.5 

; 10.7' 

7.6 

50.3 

68 

1 CaO 

3750 lbs. 

Sulfur 

132.7 

0.0473 

8 .8; 

1 

7.7 

i 6.6 

5.3 

37,8 

69 

MgO 

3750 lbs. 

Sulfur 

134.4 

0.0459 

9.8| 

' 9.7 

6,9 

5.4 

5.2i 

37.0 

70 

CaO 

32 tons 

Sulfur 

112.2 

0.1827 

76.2; 

17,3 

9.6 

: 6.3 

7.6: 

117.0 


MgO 

32 tons 

Sulfur 

104.5 

0.0575 

5.7 

! 9,8 

11.5 

! 6.9 

3.5 

37.4 


* Rainfall, August to August 56.75 inches; S precipitated 38.0 pounds. 


came from the heavy CaO admixture and represented the maximum up to this 
time in the progressive increases from the minimum of the initial year. 

Sulfur additions. The sulfate recoveries from the three additions, Kght 
CaO and both light and heavy MgO, were practically identical and consider- 
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ably less than the outgo from the control. The two lighter treatments and 
the control gave up sulfates in amounts which placed them in the position of 
showing the third successive drop in the progressive decrease from maxima of 
the initial year, being parallel in this respect to their effect when used in 
connection with the additions of the soluble sulfate. The heavy MgO gave a 
sulfate return in similar progressive decrease from the maximum of the second 
year. The maximum for this treatment came in the second year rather than 
in the first, because of the previously mentioned repressed leaching as a result 
of marked influence upon the physical characteristics of the soil. The heaviest 
yield of the year came from the burnt lime, which was also the case in the other 
two groups which received sulfur carriers. This was the second largest recov- 
ery of the 5-year period, corresponding in that regard to the return induced 
by the same treatment when used in conjunction with the soluble sulfate of 
iron. 

OUTGO OF SULFATES DURING THE FIFTH YEAR 

No-sulfur additions. The losses from the control, the two lime, the two 
rnagnesia, and the two limestone additions were in close agreement, and each 
outgo was less than the amount of sulfate sulfur brought down by rainfall. 
These concordant losses corresponded in general to those from the soluble 
sulfate additions and those from the elementary sulfur additions, except 
where the heavy amount of lime was added to the two forms. They were still 
appreciably less, however, than the several recoveries from the pyrite for 
the fifth year. 

FeSO{ additions. The amounts of sulfate sulfur given up by the light lime 
and both light and heavy MgO were nearly the same and somewhat less than 
the amount derived from the ferrous-sulfate control. Each yield represented, 
respectively, the minimum outgo from the several joint treatments over the 
5-year period. The leachings from the heavy addition of burnt lime carried 
the largest sulfate yield derived during the year from the iron sulfate group. 
This outgo of 147.2 pounds of marked the second drop in annual outgo from 
the 260.7-pound maximum of the third year. 

Fyrile additions. As compared with the several recoveries of the preceding 
year, all pyrite additions showed decreases in outgo. With the exception of 
that from the heavy burnt lime, each recovery for the year represented the 
minimum outgo for the 5-year period. The sulfates released to the leachings 
by the 32-ton burnt-lime addition constituted the hea^dest return from the 
sulfur group during the year. 

Sulfur additions. In harmony wth the recoveries from the sulfate group, 
those from the two light oxide additions and the 32-ton treatment were 
practically identical, equivalent to rainfall sulfates and less than the recovery 
from the elementary sulfur control. Each of these four recoveries represented, 
respectively, the minimum annual outgo from the several combinations for the 
5-year period. The heavy CaO gave the largest recovery of the sulfur group 


SOJL 8C1ENCE, VOL. XVI, NO, 3 



172 


W. H. MACINTIRE, W. U. SHAW AND J. B. YOUNG 


for this year. However, as was true also of the sulfate, group, the fifth annual 
outgo from the heavy burnt lime was next to the smallest of the S-year period. 
In the case of the heavy CaO supplements, both groups showed the decreasing 
order in outgo for third, fourth, second, fifth, and first years. 

TABLE 6 


Sunumry of leaching data from 256 inches precipitation for the 5~year period and calculation of 
total loss in per cent of sulfur content of soil, sulfzir additions and rainfall 



j TRZATJtEJrt PEH 2,000,000 LBS. OF SOIL 

j LEACHING DATA FOE 5'YEAR PERIOD 


Calcic — niagnesic 

in 



j Total sulfate-sulfur outgo as 
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liters 

Stn. 

lbs. 

Per 

cent 

per 

cent 

per 

cent 

lbs. 

lbs. 

SO 

None 

None 

None 

716,4 

0,0394 

175.8 

10.8 


81.9 

-38.9 


51 

Limestone 

2000 lbs. 

None 

713.8 

0.0599 

321.9 

14.2 


108.0 

17. 2i 

56.1 

52 

Dolomite 

2000 lbs. 

None 

713,2 

0.0629 

241.8 

14.8 


112.6 

27.1 

66.0 

53 

CaO 

2000 lbs. 

None 

709.0 

0.0612 

247.8 

15.2 

i 

115.4 

33.1 

72.0 

54 

CaO 

3750 lbs. 

None 

674.3 

0.0769 

260.6 

16,0 


121.4 

45.9 

84.8 

55 

MgO i 

2000 lbs. 

None 1 

690.9 

0.0670 

240.5 

14.8 


112.0 

' 25.8 

■ 64.7 

56 

MgO 

3750 lbs. 

None 

689.3 

0.0795 

278.5 

17.1 


'129.7 

' 63.8 

! 102.7 

57 

None 

None 

FeSOi 

665.8| 

0.3512 

934.6 

57.3 

93.5 

435,3 

719.9 

758.8 

58 

CaO 

3750 lbs. 

FeSO* 

668.7 

0.4548 

1164 4 

71.4 

116.4 

542.3 

949.7 

988.6 

59 

MgO 

3750 lbs. 

FeSO, 

653,9 

0.6156 

1196.11 

73.4 

119.6 

557.1 

981.4 

1020.3 

60 

CaO 

32 tons 

FeS04 

546.1 

0,2771 

889.9 

54,6 

89.0 

414.5 

675.2 

714.1 

61 

MgO 

32 tons 

FeS04 

566.4 

0.7364 

1321.21 

81.1 

132.1 

615.3 

1106,5 

1145.4 

62 

None 

None 

Pyrite 

681.4 

0.2253 

884.7 

54.3 

88.5 

412.1 

670.0 

708.9 

63 

CaO 

3750 lbs. 

Pyrite 

681.40.2181 

817.4 

50.1 

81.7 

385.2 

602.7 

641.6 

64 

MgO 

3750 lbs. 

Pyrite 

687.0 

0.1982 

721.5 

44.3 

72.2 

336.1 

506.8 

545.7 

65 

CaO 

32 tons 

Pyrite 

620.1' 

0.1106 

413.7 

25.4 

41.4 

192.7 

199.0 

237.9 

66 

MgO 

32 tons 

Pyrite 

583.81 

0,1751 

455.5 

27.9 

45.6 

212.2 

240.8 

279.7 

67 

None 

None 

Snlfur 

697.1 1 

0.3080 

955,6 

58.6 

95.6 

445.1 

740.9 

779.8 

68 

CaO 

3750 lbs. 

Sulfur 

666.21 

0.4227 

1136.2 

69.7 

113.6 

529,2 

921.5 

960.4 

69 

MgO 

3750 lbs. 

Sulfur 

675.81 

0.4280 

1192.2 

73.1 

119.2 

555 . 3 

977.5 

1016,4 

70 

CaO 

32 tons 

Sulfur 

633. 2j0. 2331 

891.6 

54.7 

89.2415.2 

676.9 

715.8 

71 

MgO 

32 tons 

Sulfur 

567. 4[o. 8367 

1239.2 76.0 

123,9'577.2 

1 t 

1024.5 

1 

1063.4 
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TOTAL SULFATE LOSSES DURING THE 5-yEAR PERIOD 

Table 6 gives the totals of leaching volumes and sulfur losses for the 5-year 
period and the grand averages of BaSOrper-liter determinations. 

Volumes of leachings. Space forbids a full discussion of the influence of 
treatment upon the volumes of leachings from rainfall, for such a discussion 
would involve a detailed consideration of variation in soil bulk due to treat- 
ment and of periodicity of precipitation. It is sufficient to point out one or 
two relationships. The differences between the leaching from the control 
and the leachings from the two limestone additions are negligible, since no 
secondary effect of residues from enhanced plant growth is involved. Both 
lime treatments and both magnesia additions, however, yielded leaching 
volumes somewhat smaller than those of the control. All of the FeSOi addi- 
tions gave collections considerably below those of the control and also light 
amendment treatments. Considerable diminution in leaching volumes was 
caused by the heavy additions used in connection with the three sulfur carriers. 
This effect was probably due in part to the larger resultant mass, as well 
as to amelioration in physical condition. In spite of decreased leaching vol- 
umes, the large applications of burnt lime produced a seemingly dry granular 
soil which must have retained far more moisture than that indicated by its 
physical condition. The magnesia, however, produced a somewhat sticky 
condition and the soil apparently retained the excess of moisture in a different 
manner than that treated with burnt-lime. 

The data in the sixth column of table 6 show the average of BaS04 deter- 
minations on the liter basis, from which may be seen the material analytical 
differences obtained, 

No-stdfur additions. The aggregate loss of sulfates from the control was 
equivalent to 10,8 per cent of the soil’s initial content of sulfur. There was a 
conservation of 38.9 pounds, or 18.1 per cent, of the precipitated sulfates for 
the 5-year period. The passage of rainfall sulfur through this soil amounted to 
81.9 per cent of the precipitation, as compared with 69 per cent in the case of 
the control of the previously reported 8-year experiment. 

The total losses from the limestone and dolomite treatments were rather 
close, the dolomite having given an average annual yield of 2 pounds more than 
the limestone. The 10-pound excess for the period was equivalent to about 
one-third of the amount of sulfur carried by the sphalerite or other sulfur 
materials in the dolomite. The differences between sulfate sulfur leachings 
and the total 5-year precipitation of sulfate sulfur— 214.7 pounds— give total 
actual sulfate losses of 17.2, 27.1, 33.1, 45.9, 25.8, and 63.8 pounds, respectively, 
for tanks 51 to 56 inclusive. These excesses of outgo above sulfur income are 
equivalent, respectively, to annual losses of 3.4, 5.4, 6.6, 9.2, 5.2, and 12.8 
pounds. The 6 tanks 51-56 show losses in e.xcess of the control outgo varying 
from 56.1 pounds to 102.7 pounds. 
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FeSOi additions. The addition of soluble ferrous sulfate, unsupplemented, 
gave a recovery of 934.6 pounds of sulfate sulfur from the 100(><pound appli- 
cation. When the rainfall sulfur is subtracted from this, a recoveiy of 719.9 
pounds, or 71.99 per cent, of the sulfate treatment is accounted for. The 
difference between the outgo from the FeS 04 and no-treatment controls gives 
an actual yield of 758.8 pounds. Since the recovery of the fifth year was only 
50.3 pounds, as against a 33.S'pound loss from the control and 38.0 pounds 
from rainfall it is most probable that years will be required to equalize the 
disparity of 280. 1 pounds if such is still in the acid soil. 

It was interesting to observe that no ferrous sulfate ever appeared in the 
leachings, every one of which was free of iron and alkaline to methyl orange. 
The FeS04 was neutralized by the silicates of the acid soil, for increase in 
sulfate content of the leachings was accounted for in the main by increases in 
calcium and magnesium content. This is not in harmony with the viewpoint 
of Van Bemmelen (9), cited by Rudolfs (8), to the effect that sulfuric acid 
generated in the soil is more active upon the iron oxide than upon silicates of 
the soil, as set forth by the quotation “ the iron oxide in the soil protects, to a 
certain extent, the humate and silicate bases against the action of sulfuric 
acid. 

Assuming continued occurrence of the unrecovered fraction of the applied 
soluble sulfate it seems hardly probable that this unaccounted-for difference 
could be held in original form or as basic sulfates in the acid soil with such 
tenacity as to resist the solvent action of the repeated leachings. But the 
factors of ample drainage and optimum aeration do not favor the assumption 
of de-sulfofication, However, this alternative finds some support from the 
fact that the acid soil control gave a decidedly lower recoveiy than was 
obtained from the alkaline conditions other than that induced by the heavy 
burnt lime. It is possible, however, that some of the soluble added sulfates 
may have resulted in the formation of insoluble sulfates in the soil. 

The 1750-pound excesses above the 2000-pound alkali-earth treatments 
intended to insure the immediate conversion of the acid sulfate to calcium or 
magnesium sulfate, were responsible for decided increases in leached sulfates. 
The two treatments of CaO and MgO were responsible, respectively for sul- 
fur yields of 1164.4 pounds and 1196.1 pounds, or recoveries of 94.97 per cent 
and 98.14 per cent, after deduction of the increment from rain water and corre- 
sponding yields of 988.6 pounds and 1020.3 pounds after deducting the outgo 
from the untreated control. The heavy addition of MgO was responsible for 
a still greater and a much quicker passage of sulfates. Of the total of 1321.2 
pounds for the 5-year period 1007.1 pounds were recovered from the five 
leachings of the first year and 183.9 pounds from the six leachings of the 
second year. After deduction of the income from rainfall sulfur, an outgo of 
106.5 pounds in excess of the amount added was obtained. Deducting the 
175.8-pound loss from the no-treatment control, an actual outgo of 1145.4 
pounds, or 145.4 pounds in excess of addition was obtained. These excesses 
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necessarily were derived from the sulfur content of the soil or in part from 
alkali-earth- treatment impurities. 

The heavy burnt-lime treatment exhibited a distinct retardation in the 
outward movement of sulfates. This repressive tendency was most effective 
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during the first year. The outgo for tlie second year was more than twice that 
of the initial year, while the maximum annual leaching came during the third 
year. Each of the five leachings of the first year contained Ca(OH) 2 , the 
average normality having been 0.00654, within a range between a maximum of 
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0.0158 normal to a minimum of 0.0005 normal. The same held true for 
the first three of the five leachings of the second year, which showed an average 
normality of 0.00157, with extremes of 0.00225 and 0.0008. Even the third, 
fourth, and fifth of the six leachings of the third year showed alkalinity rang- 
ing between 0.000075 and 0.000425 normal. Previous data (6) demonstrated 
that with conditions optimum for saturation, these concentrations are not 
suflSciently repressive in solvent action upon CaS 04 to account for the lesser 
outgo of sulfates from the soil which received the heavy lime additions. The 
CaO treatment has either transformed the added sulfate into less soluble com- 
binations, or it has so materially ameliorated the soil as to increase decidedly 
its ability to retain the CaS 04 , which must have been formed as a result of the 
thorough dissemination of the large excess of alkali-earth. From considerable 
supplementary work already done it is believed that this phase of the problem 
will be clarified. 

Pyrite additions. It is commonly observed that pyrite oxidizes during the 
disintegration of exposed minerals carrying it as impurities. The mineral 
was included in parallel with elementary sulfur in order to determine its 
activity in the soil, with the thought that the sulfates derived therefrom would 
be furnished more gradually than from sulfur “flowers” or powder. 

In a preliminary report upon related laboratory studies growing out of the 
use of pyrite in the soil of the 1917 installation of lysimeters, reference to the 
sulfate content of leachings was made (3): 

The data secured demonstrated that the flowers of sulfur and iron pyrite were both con- 
verted into sulfates with distinct rapidity. 

It was first assumed that the oxidation of both the elementary sulfur and that of the 
pyrites was induced in the main, if not solely, by organisms. However, some doubt concern- 
ing this assumption was introduced about 2 yrs. after the inauguration of the experiment, 
when it was observed that a strong odui of sulfur dioxide was given off from the reserve 
sample of iron pyiites, which had been kept in the dark in an 8-oz. glass bottle, tightly stop- 
pered with an ordinary No. 6 cork stopper. A IG-g. charge of the pyrites was found to yield 
soluble sulfate of iron equivalent to a determined weight of 0.4172 g. of BaS 04 , as an average 
of seven determinations. The same observation has been reported by Allen and Johnston. 

These investigators accounted for the oxidation by means of the equation : 

FeS2+302 = FeS04H-S02 

They also found that the grinding of pyrite and marcasite for 1-hour and d-hour 
periods was responsible for decided increases in sulfate generation. The 
rapidity and extent of this result were so marked as to preclude the probability 
of bacterial activities, as against the probability of chemical activation through 
frictional heat and increase of surface. In September, 1919, Mr. F. J. Gray 
formerly of this laboratory staff, conducted an adjunct laboratory experi- 
ment, using the same soil, materials, and amounts, in an effort to differen- 
tiate between chemical and biochemical agencies responsible for the oxidation 
of pyrite and also elementary sulfur under dry and optimum moisture condi- 
tions. These results have been held for publication, as supplementary to 
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those of the parent lysimeter investigation. They show that the oxidation 
is brought about by both chemical and biochemical agencies. 

The sulfate leachings are of interest in their connection with the results of 
Rudolfs (7), who has recently reported studies which dealt with the activities 
of bacteria in oxidizing pyrite. In the paper upon bacterial oxidation of 
pyrite no mention was made by Rudolfs of our related lysimeter results 
(3, 4) reported under captions which referred only to elementary sulfur. In a 
later contribution Rudolfs (8) referred to one of the two preliminary papers (4), 
as to chemical oxidation of elementary sulfur, but apparently overlooked our 
assumption that bacterial activities to some extent accounted for the recovery 
of sulfates in the leachings from pyrite. 

While it is undoubtedly true, as pointed out by Rudolfs (7), that bacteria 
can and do convert the FeS 2 of pyrite into sulfates in soil media, it is also 
apparent that the inherent oxidative properties and moisture conditions of the 
the soil serve to accelerate the purely chemical oxidative reactions which 
transpire even in air-dry condition in the atmosphere. 

The sulfur recoveries from the pyrite group do not show the same order which 
obtained in the ferrous sulfate group. The maximum sulfur recovery, as sul- 
fates leached from the pyrite additions, was obtained from the acid soil, in 
which respect this control differed from the controls of the other two sulfur- 
addition groups. A distinct retardation was caused by the light lime treat- 
ment, while the light MgO addition was even more effective in the same 
direction. This relationship between the three totals for the 5-year period was 
consistently maintained between the respective annual losses of the first 
three years, which gave the three largest losses in each case, the outgo of the 
second year having been the maximum for each of the three conditions. The 
heavy additions of CaO and MgO were both still more decidedly depressive 
upon sulfate generation, if the repressive influence of outgo and depressed 
generation be considered as identical. It will be observed that the heavy 
CaO addition occupied the same relative position, that of minimum, as in 
both the FeS 04 and elementary sulfur groups. This was not the case, how- 
ever, with the MgO, which caused the maximum sulfate outgo from the 
sulfur additions of the other two groups. Furthermore, the heavy burnt-lime 
addition increased progressively from the minimum of the initial year to the 
maximum of the fourth year. This progressive increase followed a progres- 
sive decrease in Ca(OH )2 concentrations in the leachings. Calcium hydroxide 
was present in all of the five collections of the first year, in all five of those of 
the second year, and in four of the six of the third year. The average of 
Ca(OH )2 concentrations of leachings for the three years were 0.01327 N., 
0.001255 N., and 0.00055 N., in oder. On the other hand, the corresponding 
MgO addition gave its maximum sulfate outgo during the first year, with 
progressive decreases to its minimum in the fifth year. In this regard, the 
heavy MgO treatment acted as it did in the other two groups. The heavy 
lime treatment also showed somewhat the same tendency as in the other two 
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sulfur-addition groups. It is apparent that the influences of the excessive 
additions of both oxides were very much more depressive to the chemical or 
biochemical, or both, reactions responsible for the oxidation of FeS 2 , than to 
the reactions which convert sulfur into sulfates. However, even 
assuming that all precipitated sulfates were leached through the soil, deducting 
such from the total leachings, and assuming no sulfates to have been derived 
from the organic matter of the soil or basic treatment, we find that 67,0 per 
cent of the added FeS 2 has been converted into sulfates in the acid control. 
With the same assumptions, we find recoveries of 60.3 per cent and 50.7 per 
cent from the light treatments of CaO and MgO, respectively, and 19.9 per 
cent and 24.1 per cent from the two heavy additions. Thus, in the case of the 
lighter treatments, MgO was more retardative than CaO upon the outgo of 
sulfates, while the reverse was true for the heavy additions. Applying the 
175.8-pound outgo from the untreated control as a corrective factor to the 
sulfate leachings from the five pyrite tanks, 64.16 per cent and 54.57 per cent 
recoveries came from light CaO and MgO, respectively, as compared with 
70.89 per cent from the sulfate control, while the two heavier oxide treatments 
gave corresponding recoveries of only 23,79 per cent and 27.97 per cent. 

Sulfur additions. The sulfate yields from the elementary sulfur group 
occurred in the same order as those of the FeSOj group. In both cases maxi- 
mum recovery came from the heavy MgO addition and the minimum from the 
heavy burnt-lime treatment. More than one-half of the total recovery from 
the sulfur control was obtained in the leachings of the first year, while still 
larger fractions came from the light treatments of CaO and MgO. The 
recovery from the 1000-pound-S-addition control during the first two years 
amounted to 75.1 per cent. The recoveries from the sulfur treatment and the 
two supplementary CaO and MgO treatments at the 2000-pound-plus rate, 
and the MgO treatment at the 32-ton rate during the same 2-year period, were 
85.3 86.8 and 83.4 per cent, respectively. 

Only about 10 per cent of the total recovery from the heavy burnt-lime 
treatment was found in the leachings of the first year. This small outgo ot 
88.6 pounds was a little more than twice the amount of sulfur precipitated in 
rain 'water during 1917, and nearly five times the outgo from the untreated 
control. It was followed by a material increase during the second year and a 
still greater increase to the n>axiraum annual outgo during the third year. 
In this respect it was parallel with nitrate outgo. The average concentra- 
tions for those leachings carrying Ca(OH )2 during the first three years were 
0.012719 N., 0.001564 N., and 0.000633 N., as obtained, respectively, from 
hydroxide occurrences in four of the five leachings of the first year, four of 
the five of the second year, and three of the six of the third year. The fact that 
after rainfall correction, the recovery of sulfur from the 1000-pound addition 
with 32 tons of CaO was only 676.9 pounds cannot be taken as proving the 
sulfofication of only this amount. For, with the same rainfall correction, 
only 675.2 pounds were recovered from the lOOO-pound sulfate sulfur addi- 
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tion with 32 tons of CaO. These two recoveries are remarkably close, and 
they might be construed as indicating the complete oxidation, though in- 
complete recovery, of the added flowers of sulfur. 

Assuming complete leaching of rainfall sulfur and no sulfates derived from 
the supplies native to the soil, or basic treatment, over the 5-year period, the 
recoveries were 740.9 pounds from the control, 921.5 pounds from the light 
application of CaO, 977.5 pounds from the light application of MgO, and 
676.9 pounds from the heavy burnt-lime addition. Applying the same as- 
sumptions to the maximum outgo of 1239.2 pounds from the 32- ton MgO 
addition, the recovery obtained was 1024.5 pounds or 24.5 pounds more 
than the addition. It is quite possible, however, if not probable, that some 
of the elementary sulfur applied to this group has not been converted into 
sulfates, and that the apparent respective recoveries are attributable in 
some measure to soil-derived sulfates. 

By subtraction of the no treatment outgo from the 1239.2-pound outgo, an 
increased outgo of 63.4 pounds over the 1000-pound addition is accounted for. 
The lighter MgO treatment also gave sulfates in excess of the 1 175.8-pound 
total represented by control outgo plus the 1000-pound addition. On this 
basis the light lime treatment failed of full recovery by 39.6 pounds, while 
220.2 pounds and 284.2 pounds remained unrecovered in sulfur control and 
sulfur plus heavy lime treatment, respectively. 

RELATION OF OUTGO TO PRECIPITATED SULFUR AND INITIAL SOIL CONTENT 

No-sulfur additions. This relationship can be considered more directly in 
the case of no-sulfur additions in tanks 50 to 56, inclusive. Had there been no 
sulfur added from the atmosphere, the 5-year-period loss from the control 
would have amounted to 10.8 per cent of the initial sulfur content of the soil. 
This loss is accounted for by leachings ranging from the minimum of 18 pounds 
during the initial of subnormal rainfall to the maximum of 46.6 pounds as a 
result of a 54.75-inch precipitation during the third year. In the case of the 
leachings from the six alkali-earth additions, however, the losses ranging 
from 14.2 per cent to 17.1 per cent were the result, in every case, of a maximum 
during the first year, with progressive decrease to the minimum during 
the fifth year. These same six treatments gave sulfate losses ranging from 

108.0 per cent to 129.7 per cent of the sulfur derived from rainfall. Only the 
control failed to leach as much sulfur as was derived from this source. 

Additions. The sulfate recoveries from the added sulfate ranged from 
amounts equivalent to 54.6 per cent up to 81.1 per cent of the native sulfur 
content of the soil. The pyrite-addition group gave recoveries ranging from 
25.4 per cent to 54.3 per cent of the amount originally contained by the soil. 
In the case of the elementary sulfur group, the range was from 54.7 per cent to 

76.0 per cent. Each sulfur addition gave a reco\'ery largely in excess of the 
sulfur brought dowm by rain, the smallest per cent excess of 192.7 came from 
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the heavy burnt lime and pyrite, while the largest 615.1 came from the heavy 
application of MgO with FeS 04 . 


SUMMARY 

Sulfate analyses of 614 collection from 22 lysimeters over a 5-year period are 
reported in a study of the loss of native stores of sulfureous materials and 
recoveries of sulfur derived from rainfall and 1 0004b. -per-a ere additions of 
sulfur as FeS 04 , pyrite, and elementary sulfur, as such are influenced by various 
forms and amounts of calcic and magnesic materials. 

The sulfate outgo from the no-treatment tank was less than that brought 
down by rainfall. Each of the treatments CaO, MgO, limestone, and dolo- 
mite at the 2000-lb, CaO-equivalent rate, and CaO and MgO, at the3750-Ib. 
rate, increased the outgo of sulfate sulfur to amounts somewhat in excess of 
those of the control and rainfall sulfur. 

The unsupplemented FeS 04 treatment, and also that with light supple- 
ments of both lime and magnesia and heavy supplement of magnesia, gave 
the largest annual recoveries during the first year. All three supplements also 
induced recoveries in excess of the recovery from the control, the totals coming 
in the order named. The\ heavy burnt lime treatment was initially very 
depressive to the outgo of the added sulfate radical. This effect was less 
marked after the first year, but its total recovery for the 5-year period was 
less than that of the sulfate control. The totals from the two light supple- 
ments and heavy magnesia were in excess of the sulfate addition. After 
deduction of rainfall sulfur, however, only the heavy MgO treatment gave a 
recovery equivalent to that of the addition. 

The largest initial annual recovery and the largest 5-year total from the 
pyrite additions came from the acid-soil control. Both light and heavy sup- 
plements of lime and magnesia were depressive to sulfate leachings from the 
pyrite, the heavier applications having been decidedly more so than the lighter 
additions. In this respect the light additions differed from their activities upon 
FeS 04 and sulfur. As in the FeSO^ group, the heavy burnt lime was the most 
depressive of the four treatments. 

Both CaO and MgO in light amounts and the heavy treatment of MgO 
accelerated the outgo of sulfates and increased the respective totals for the 
5-year period when used as supplements to the powdered sulfur. The initial 
depressive influence of the heavy burnt-lime addition diminished after the 
first year, but its effect was still evidenced in the 5-year total, which was less 
than that of the control. 

In agreement with previous work where no sulfur was added, increase in 
MgO additions caused increased sulfofication of powdered sulfur and greater 
recoveries of added soluble sulfate. The lighter magnesia additions to both 
sulfur and ferrous sulfate caused smaller recoveries than the heavy MgO 
treatments and greater returns than those from additions of CaO. However, 
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the light CaO supplements to sulfur and FeSO^ produced larger recoveries than 
were obtained from the respective sulfur and sulfate controls. The lesser 
recoveries from heavy CaO additions, to both sulfur and FeS04, were practi- 
cally identical. It is not proved, therefore, that the minimum recovery from 
the sulfur group was due to the inhibitory effect of the heavy lime upon oxida- 
tion of the added sulfur. 

Since the light application of MgO was more depressive than the corre- 
sponding CaO treatment to sulfate outgo from pyrite, while the heavy MgO 
was still more depressive, it is evident that the chemical or biochemical 
agencies responsible for the conversion of pyrite into sulfates differ from those 
responsible for the derivation of the same end-products from sulfur. For, 
both FeS04 and sulfur groups show that MgS04 would have been leached 
readily had it been present. 

Disregarding the increment from rainfall, the recovery from both FeS04 
and S controls during the first year was about one-half of that added, while that 
from pyrite was only about one-fifth of the addition. With the same incon- 
sistency, the FeS04, sulfur, and pyrite controls had yielded 82, 83, and 68 per 
cent, respectively, of the sulfur additions after three years of leachings. In the 
order of light CaO, light MgO, and heavy MgO supplements, both sulfate 
and sulfur showed recoveries in excess of the lOOO-pound additions at the end 
of the third year. With partial recovery from each pyrite addition, the same 
amendments induced recoveries in reverse order after three years. 

After deducting the income from rainfall, only the recoveries of 1106.5 
pounds and 1024.5 pounds induced by MgO from FeS04 and S, respectively, 
were in excess of the 1000-pound additions. 

After deduction of the control sulfate outgo the recoveries from sulfate 
and sulfur additions with both MgO supplements were in excess of the added 
sulfur. On the same basis the other recoveries ranged between 237.9 pounds 
for pyrite and heavy burnt lime, to 988.6 pounds for FeS04 plus light lime 
treatment. 

All 6 tanks treated with lime, or magnesia, without sulfur gave sulfate 
losses in excess of the amount precipitated during the 5-year period. 

The continued depressive action of the heavy CaO treatment and the 
persistence of Ca(OH)2 in the leachings were shown to be correlated, Con- 
versely, carbonation of the excess of solid- phase Ca(OH)2 and increase in 
outgo of sulfates from FCSO4 and S additions were found to be parallel. The 
recovery of the initial depressive effect was much slower, however, in the case 
of pyrite. 

Although the previously noted divergent effect of increasing amounts of 
CaO and MgO upon native sulfur stores was found to obtain also in the case 
additions of sulfur as FeS04 and “ flowers,’’ convergence was shown in the 
case of pyrite. 

The results have certain practical significance. Economic and equivalent 
applications of burnt lime, magnesia, limestone, and dolomite were practi- 
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cally identical in their accelerative influences upon sulfofication of native 
sulfureous materials. Oxidation of powdered sulfur was increased by small 
amounts of both lime and magnesia; but^ undesirable losses may be caused by 
injudicious use in amounts which may be considered as within practical range. 
Pyrite may be considered as a source of sulfur, where less rapid generation is 
desired, particularly in an acid soil, since both lime and magnesia depress 
the amounts of water-soluble sulfates engendered. The use of excessive 
amounts of both CaO and MgO are inadvisable in connection with either sul- 
fur or pyrite. 
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Aside from the interest that attaches to the question of the effect of chlorides 
upon plants because of the fact that some potassic fertilizers come in the form 
of chlorides or contain varying amounts of sodium chloride, there is also the 
observation, made by investigators and farmers alike, that some plants are 
favored while others are harmed when grown in the presence of sodium chlo- 
ride. Of recent work bearing upon this question, mention should be made 
of the investigations of Soderbaum (11), Tottingham (14), Krishnamurti 
Row (7), Trelease (16), Harlow (5), Schneidewind, el al. (9), and GuglieL 
metti (4). From their results it is obvious that different crops will have to 
be studied independently with respect to the influence exerted upon them 
by this compound. 

The writer was led to take up the study of the effect of sodium chloride 
upon alfalfa, first, as a result of a previous investigation done jointly with 
Dr. G. S. Fraps (2), at the Texas Agricultural Experiment Station, in which 
it was found that alfalfa from various parts of the country differed greatly 
with respect to chlorine content, varying from about 0.2 per cent to over 1.0 
per cent, expressed as sodium chloride. The possibility suggested itself that 
chlorine or sodium chloride may be of some benefit to this plant. Another 
reason was the desire to undertake a systematic study of the salt require- 
ments of this plant in nutrient solutions, and it was thought advisable to 
obtain information with respect to the necessity of including a chloride, more 
especially sodium chloride, among the salts to be tested. 

There is also of course the purely scientific interest in the still moot question 
as to whether chlorine is essential (as distinguished from advantageous) for 
the growth of at least some plants. 

By way of a suggestive remark it may be pointed out that in view of the 
fact that in some local areas there exists a special alfalfa problem in the sense 
that alfalfa land may, for no apparent reason, cease to produce profitable 
crops, any data concerning the nutritional relations of this plant should be 
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welcomed as possibly contributing towards an intelligent investigation of 
the causes underlying this trouble. 

The preference for western over eastern alfalfa in the hay market may 
possibly be due to a difference in composition, manifesting itself in varying 
palatability, in which the chlorine content may well play a part. 

This study must of necessity be of a preliminary character, since up to the 
present time comparatively little work, if any, has been done in the way of 
a svstematic study of the salt requirements of alfalfa. There is no such mass 
of data relating to alfalfa as has already accumulated and is being added to 
continuously in the case of wheat, soy beans, buckwheat, and other plants. 
This is rather strange, considered from the standpoint of the economic im- 
portance of the alfalfa crop. The reason may be the fact that this plant, on 
account of its delicate initial growth, does not lend itself so easily to solution 
culture work as do plants with large seeds or those of a short growing period 
or of a sturdier habit of growth, 

OUTLINE OF WORK 

A commercial variety of alfalfa obtained from the seed testing laboratory of this station 
was germinated on blotting paper kept moist with a solution one-tenth the strength of the 
one used in the check solution culture. It was at first intended to obtain the average weight 
of single seeds and to use only those that approached very closely this average. But it was 
soon found that the seeds were very uniform in this respect, showing hardly any significant 
variation from the 2 mgm. average obtained on weighing a few lots of one hundred seeds 
each. A fine, even stand was secured after three days, at which time the seedlings were 
transferred to a germinating net, as described by Shive (10). On the third of January, 1923, 
when the seedlings reached a length of about 7 cm., they were put into the jars containing 
the culture solutions, according to the procedure adopted by Tottingham (13) and by 
Shive (10), using three plants to each jar, The cultures were run in duplicates and two 
series, A and B, were started at the same lime. In series A the sodium chloride was intro- 
duced into the culture solution w'hcn the seedlings were first Uansferred to the jars. In 
series, B this addition was not made until the seedlings had grown in the check solution for 
five weeks. In every other respect the corresponding cultures of the two series were treated 
alike. 

Eighteen jars, numbered 1 to 18, were used. The five different solutions to be described 
presently were numbered 1 to 5 corresponding to contents of sodium chloride equivalent to 
osmotic concentration values of 0.0, 0.1, 0.2, 0.3, and 0.4 atmospheres, respectively. Jars 1 
and 2 served as checks and received solution 1; jars 3 to 10 made up series A; jars 11 to IS 
made up series B. 

Solution 1, used in the checks, was one of those used by Tottingham (13) and designated 
by him TRiCj. This solution was chosen for the check, since it was found by Jones and 
Shive (6) to give good growth with soy beans, the only leguminous plant so far which has 
been given a systematic study with respect to its salt requirement. The total concentration, 
in terms of osmotic pressure, was one atmosphere, made up of the partial concentrations in 
atmospheres of the four salts used in this solution as follows: potassium nitrate, 0.1; mono- 
potassium phosphate, 0,1; calcium nitrate, 0.5; magnesium sulfate, 0.3 atmospheres. The 
corresponding volume-molecular concentrations are: 0.0020, 0.0021, 0.0073, and 0.007. 

The other four solutions, designated 2, 3, 4, and 5 were made up by adding sodium chloride, 
in increments of 0.1 atmosphere, until the maximum of 0.4 atmospheres was reached, at 
the same time maintaining approximately the original total osmotic concentration by elira- 
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inating correspondingly equivalent amounts of one or more of the other salts. For the 
first 0,1 atmosphere of sodium chloride introduced, the 0,1 atmosphere of potassium nitrate 
of the original solution TiRiCa was eliminated, since the ingredients making up this salt are 
already present in some of the other salts (mono-^potassium phosphate and calcium nitrate). 

In solutions 3 and 4, the further additions of sodium chloride replaced an equivalent and 
evenly distributed partial pressure of the other three salts. With solution 5, which con- 
tained 0.4 atmosphere of sodium chloride, the mono-potassium phosphate was restored to 
its original 0.1 atmosphere so as not to deprive the solution of two essential elements, the 
other two salts each being diminished by 0.1 atmosphere, thus bringing up the total con- 
centration of this solution to I.l atmospheres. 

The mere diminution in essential plant nutrients caused by eliminating part of the other 
salts should not be considered as in itself a factor of pos.sibly grave consequences to plant 
growth, since previous studies with culture solutions by Trelease (15, p. 225) and others by 
Stiles (12) have brought out the fact that nutrient solutions within the range here used may 
vary considerably in either direction without showing any significant dlflcrence in their 
effect upon yield. 

Sodium chloride of high purity was dried at 102®C. to constant weight, and a stock solu- 
tion of 0.5 concentration prepared. The formulae for the final dilutions were calculated 
and the culture solutions were finally prepared fiom the 0.5 M stock solutions. Iron in the 
form of a solution of ferrous sulfate was added at tlie rate of 0.1 mgm. of iron per liter of 
solution at the beginning; this amount was increased to 1 mgm. later. 

The plants were grown in the greenhouse from January 3 to April 10, 1923, 98 days in all. 
During the last few weeks, half-gallon jars replaced the quart jars in which the plants were 
grown from the beginning. The solutions w'ere renewed every three and one-half days. 

Colorimetric determinations of the pH value of the discarded solutions, and occasionally of 
the original ones, were made according to the method of Gillespie (3), by means of the appa- 
ratus devised by Van Alstine (17), at various times during the growing period. 

In the harvesting, drying, and weighing, the methods laid down in “A Plan for Co-opera- 
tive Research” (8) were followed, omitting, however, the weighing of the green plants. 

Determinations of total nitrogen and of chlorine were made separately of the tops and of 
the roots of the plants from each jar, following the analytical methods of the Association of 
Ojficial Agricultural Chemists (1). 

DISCUSSION OF RESULTS 

Yield in dry weight 

From table 1 and figure 1 it is seen that of the five solutions tested, solution 
2, which is Tottingham’s solution T 1 R 1 C 5 modified by replacing the 0.1 
atmosphere of potassium nitrate with an equivalent amount of sodium chlo- 
ride, gave the highest yield in tops, roots, and consequently of the whole 
plant. This relation holds good for series A where the sodium chloride was 
introduced into the culture solution from the beginning, as well as for series B 
where the sodium chloride was not supplied until the plants had grown in 
the check solutions for five weeks. The greatest increase over the check 
manifested itself in the roots, amounting to 147 and 169 for series A and B, 
respectively, as compared with the check taken as 100. The values for the 
whole plant for each of the two series A and B are in fairly close agreement 
being 15.064 gm. and 15.476 gm., respectively, for the actual weights; and 
124.8 and 128.2, respectively, for the relative weights. All the other cul- 
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EFFECT OF NaCl ON ALFALFA IN SOLUTION CULTURES 


1^7 



Atm. NaCl 0.0 0.1 0.2 0.3 0.4 

Solution No. 12345 


Fig. 1. Graphs Showing Yields of Tops, Roots, and Whole Plants, Relative to 
Check (Toxtingham’s Solution TiRiCs) Taken as 100 
Series A, sodium chloride supplied from the beginning. Series B , sodium chloride supplied 
only after plants had grown five weeks in check cultures. 
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tures containing sodium chloride, with the exception of one culture of solu- 
tion 3 in series A, also gave considerable increases over the check. The de- 
crease noted in the case of solution 3, series A, is obviously not related to the 
sodium chloride content of the culture, since the parallel culture of the same 



Fig. 2. Graphs Showing Percentage of Nitrogen in Tops, Roots, and Whole Plants 
Senes A, sodium chloride supplied from the beginning. Series B, sodium chloride supplied 
only after plants had grown five weeks in check cultures. First point on each graph repre- 
sents value of check. fell 

Fig. 3. Graphs Showing Percentage op Chlorine in Tops, Roots, and Whole Plants 

f begmning. Series B, sodium chloride supplied 

only after plants had grown five weeks in check cultures. 


solution in senes B gave an increase over the check, practically equalling the 
ighest obtained, and solutions with higher concentrations of sodium chloride 
a so gave ’ncreases in yield, as already pointed out. 
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It is therefore allowable to conclude, within the limits of this preliminary 
study, that the inclusion of a certain proportion of sodium chloride among the 
salts used for solution cultures will, in the case of alfalfa, affect the yield 
advantageously. 

Nitrogen content 

Data for the percentages of nitrogen in the tops, roots, and whole plant, 
on the dry basis, are also given in table 1. While some fluctuation will be 
noticed when only the tops of the plants grown in different cultures are com- 
pared, this is less noticeable when a similar comparison is applied to the roots, 
and there are only small differences in the nitrogen content of the whole 
plants. This is brought out in the graphs (fig. 2) representing the data for 
the percentage of nitrogen. The diminished supply of nitrogen caused by 
the elimination of the 0.1 atmosphere of potassium nitrate and the final 
reduction of calcium nitrate to four-fifths of the original amount did not ap- 
preciably affect the nitrogen content of the plant as a whole. It is evident also 
that of the total nitrogen in the plant, by far the greater part was contained 
in the tops. 

Chlorine content 

The amount of chlorine taken up by the plants in the different solutions 
increased uniformly with the amount supplied. This, as seen in table 1, 
applies to the tops as well as to the roots and to series A as well as to series 
B. The graphs representing the chlorine content are practically straight 
lines for the tops in both series, the two lines almost coinciding. The graphs 
representing the chlorine content of the roots also run close together for both 
series, lying rather fiat in the concentrations of 0.1 to 0.3 atmosphere osmotic 
concentration of sodium chloride, and taking a steep pitch in the solution 
containing 0.4 atmosphere, but never reaching the high points attained by 
the tops. There is no appreciable difference in the chlorine content of either 
roots, tops, or whole plants of the parallel cultures of the two series. 

Transpiration 

While no quantitative transpiration measurements were made on the 
different solutions, the greater amount of water lost in solution 2, containing 
0.1 atmosphere of sodium chloride and which produced the highest yield in 
both series, was too obvious to escape notice. This difference can be noted 
in a rough way by comparing the quantity of liquid left in jars 3 and 11 
(Plate 1), which represent cultures of solution 2 in series A and B respectively, 
with any of the others. 

Ilydrogen-ion concentration 

The figures obtained for the pH values at various intervals of growth 
confirm the observation made by a number of investigators, that culture 



190 


S. LOMANITZ 


solutions of this type in contact with the roots of growing plants tend to ap- 
proach the neutral point with the advance of the growing period. The initial 
pH value of the solutions was 4.7 except in the case of solution 4, with the 
smallest amount of mono-potassium phosphate, which showed a pH value of 
5.0. The discarded solutions showed an increasing pH value as the growing 
period advanced, reaching a pH value of 6.0 in a 3|-day interval after 
the plants had been growing for three months. It is interesting to note 
that solution 4, which showed an initial pH value 0.3 higher than that of 
the other solutions, also showed a corresponding rise in the final pH value, 
which was 6.3 instead of the 6.0 of the other solutions. 

SUMMARY AND CONCLUSIONS 

1 . Alfalfa was grown for 98 days in various culture solutions containing 
different amounts of sodium chloride, using as check the culture solution 
known as Tottingham’s solution TiRiCs. 

2. The solutions containing sodium chloride gave higher yields than did 
the check. 

3. The greatest increase was obtained with the solution in which 0.1 at- 
mosphere osmotic concentration of sodium chloride was substituted for the 
0.1 atmosphere of potassium nitrate of Tottingham’s solution T 1 R 1 C 5 . 

4. The roots showed a greater relative increase than did the tops. 

5. There was no appreciable difference in the nitrogen content of the whole 
plant, between the plants of the different cultures. 

6 . The chlorine content of the tops as well as of the roots increased uni- 
formly with the increasing supply of that element, the tops, however, con- 
taining a larger percentage thsn the roots. 

7. The greater part of both the nitrogen and the chlorine of the plant was 
contained in the tops. 

8 . The pH values of the discarded solutions approached gradually towards 
neutrality with the advancing growth of the plant. 

9. Transpiration was highest in the case of the solution producing the 
largest yield. 
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PLATE 1 

Alfalfa Nine Weeks Old, Grown in Solution Cultures 
Series A. Jar 1, check. 

Jar 3, 0.1 atm. sodixmi chloride. 

Jar 6, 0.2 atm. sodium chloride. 

Jar 8, 0.3 atm. sodium chloride. 

Jar 10, 0.4 atm. sodium chloride. 

Series B. Jar 11, 0.1 atm. sodium chloride. 

Jar 14, 0.2 atm. sodium chloride. 

Jar 16, 0.3 atm. sodium chloride. 

Jar 18, 0.4 atm. sodium chloride. 
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Hawaiian soils while characteristically basic are with rare exceptions acid 
in reaction and usually show a high lime requirement by the Veitch method. 
On the other 'hand experiments and general observations have rarely indicated 
that sugar cane is benefited by liming these soils. As a whole the results 
indicate that sugar cane is indifierent to soil reaction or tolerates a certain 
kind of acidity. The question arises, what is the nature of this acidity? 

Comparatively little work has been published showing the relation of lime 
requirement of soils as determined by the various methods to hydrogen-ion 
concentration in soils high in iron, aluminum and manganese oxides. In 
Hawaiian soils these oxides are often in excess of silica. Such a comparison 
has been recently made in this laboratory in order to obtain information 
relative to the nature of acidity in such types. To determine the merits of the 
different methods was not the purpose of this study. 

SOILS USED 

Fourteen soils were selected varying in pH values from 4.63 to 8.01. The 
composition of these soils as to the more important basic constituents and 
silica is given in table 1. The results are expressed on the air-dry basis in 
order to illustrate the variation of the moisture content of the soil in the air-dry 
state. 

Soil 848 is a heavy black clay adobe soil high in water-soluble iron and aluminum from 
windward Oahu, irrigated land and low elevation. 

Soil 849 IS the subsoil to no. 848 and similar in texture and color. 

Soil 367 is a yellow clay loam. The analysis of soil 399 is not given in this table because 
of its similarity to no. 367. Both are from the island of Kauai, upland soils from unirrigated 
fields. 

Soil 186 is a sandy loam high in organic matter and combined water from Honokaa, 
island of Hawaii. 

Soil 187 is the subsoil to no. 186 and similar in texture but lighter in color. 

Soil 7 65 is a yellow silty loam from the Hilo-Hamakua district. Rainfall in this district 
is very heavy, land unirrigated, clay highly hydrated and high in organic matter. 

Soils 621 and 408 are red clay loams from districts where rainfall is low. The former is 
from Lahaina, Maui, medium elevation and the latter from low elevation on Oahu, Ewa 
plantation. 

Soil 409 is the subsoil to no. 408. 
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Soil 734 is a chocolate colored silt loam from a manganiferous area, an upland soil on the 
island of Oahu. 

Soil 722 is a brown clay loam, island of Oahu, lowland irrigated land. 

Soil 872 is the same type as no. 848 except taken from a section nearer the sea and high 
in coral. 

Soil 3 is a sandy clay loam from Honolulu derived from volcanic ash and underlaid with it. 
While it is high in lime there is practically none present as carbonate. 

These soils have been selected from sugar lands located on all the four major island, Oahu, 
Maui, Kauai and Hawaii and represent lowlands, uplands, humid and more or less arid districts. 


TABLE 1 

Partial analyses of soils* 


son, 

NUMBER 

TiOz \ 

1 

FeiOi 

! 

AUO, 

Mnj 04 

CaO 

1 

SiOi 

LOSS ON IGNiTION 

H.0 

Organic 
'matter, etc. 


per cent 

per cent 

per cent 

per cent 

per c€nt 

per cent 

per cent 

per cent 

848 

6.0 

11.17 

19.33 

0.18 

1.23 

40.9 

12.47 

10.63 

849 

7.2 I 

10.37 

18.88 

0.13 

1.42 

39.8 

14.20 

9.11 

367 

12.2 

22.54 

28.51 

: 0.20 

' 0.61 

9.8 

9.06 

15.80 

765 

8.0 

22,54 

15.46 j 

0.25 

1.15 

15.1 

: 12.03 

11.57 

186 

6.0 1 

13.56 

15.09 1 

0.26 

1.23 

13.2 

19.60 

29.63 

187 

4.4 : 

13.56 

18.04 

0.25 

1.01 

1 17.5 

22.20 

29.63 

621 

7.4 

21.74 

27.36 

0.30 

0.98 

31.7 

! i 

10.69 

409 

10. 0 1 

15.56 I 

25.64 

0.22 

0.84 j 

33.8 

! 9.10 

9.09 

734 

5.8 

14.16 

28.79 

1.10 

0.92 

33.9 

8.90 

11.25 

722 

9.8 i 

15.76 1 

28.24 

0.43 1 

0.86 i 

31.0 

6.04 i 

13.34 

408 

9.4 , 

14.56 j 

26.04 

0.77 1 

0.9S 

33.7 

7.70 

11,5 

872 

5.6 

13.96 I 

15.44 

0.34 

3.14 

42.3 

9.17 

10.58 

3 

5.9 

23.74 

15.51 

0.40 

3.25 

30.8 

7.00 

10.24 


* Analyses by fusion with sodium caibonate. 


METHODS USED FOR DETERMINING LIME REQUIREMENT 

The lime requirement or acidity of a soil is usually attributed to such 
phenomena as the actual presence of mineral or organic acids, absorptive or 
adsorptive properties of colloidal material, free hydrogen ions or the presence 
of certain specific compounds which on hydrolysis or replacement increase 
the hydrogen-ion concentration of the soil solution. 

Extensive reviews of the various methods are available (1) which makes such a review 
unnecessary here. Those used in this investigation include the treatment of the soil with 
the sails of strong acids and strong bases, for example the Hopkins method (2) which calls 
for the use of KNOs or KCl; weak acids and strong bases, for example the Jones method (3) 
using a solution of calcium acetate, the Loew (10) method using potassium acetate and the 
Carr (5) method using KSCN; weak acids and weak bases for example the Truog (12) method 
using zinc sulfide. Other methods include the Veitch (13) and the Hutchinson and MacLen- 
nan (9, p. 75) methods which utilize solutions of Ca(OH )2 and CaH 2 (CO )3 respectively, the 
Lyon and Bizzell method (4) in which Ba(OH )2 is used in a somewhat similar manner, the 
Conner method (6) and that of Rice and Osugi (11) in which the hydrolysis of esters and 
sucrose respectively arc used, Hollemann’s method (9, p. 81) which measures the percentage 
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of lime soluble in water saturated with CO 2 , and Immendorf ’s method (9, p. 82) in which a 
back titration of 0.2 N H 2 SO 4 in which the soil has been boiled is used. 

A number of qualitative tests were also applied to these soils which include the litmus test, 
those of Veitch and Truog already described, the Comber method (7) which uses an alcoholic 
solution of KSCN the Loew (10) method which uses a solution of KI in starch paste and as 
modified by Daikuhara using starch iodide paper instead of starch paste as a test for free iodine. 


QUALITATIVE METHODS 

The results obtained by the qualitative methods are given in table 2. 

Of the above qualitative methods the litmus, Veitch and Comber appear to 
be best suited to local soil types as an indication of absence of adequate lime 
supply. The Loew and Truog methods appear to be of little value taking the 
pH values as a standard for comparison. The reaction involved in the two 
latter methods requires the presence of an acid which in the Loew and Loew- 


TABLE 2 

Qualitative tests for acidity 


SOIL 

REACTION BY VARIOUS METHODS 

pH VALUES 

NCMBER 

Litmus 


Loew 

Loew Daik. 

Truog 

Comber 

S48 

Acid 

Colorless 

Blue 

Colorless 

Positive 

Dark red 

4.63 

849 

Acid 

Colorless 

Blue 

Colorless 

Positive 

Dark red 

4.80 

367 

Acid 

Colorless 

Colorless 

Colorless 

Positive 

Faint red 

4.88 

399 

Acid 

Colorless 

Colorless 

Colorless 

Negative 

Faint red 

' 4.97 

765 

Acid 

Colorless 

Colorless | 

1 Colorless 

■ Negative 

Faint red 

5.56 

186 1 

(?) 

Colorless 

Colorless i 

1 Colorless 

' Negative 

Faint red i 

5.73 

187 ; 

(?) 

1 Colorless 

' Colorless 

Colorless , 

Negative , 

Faint red 

5.98 

621 

(?) ' 

Colorless 

Blue 

Colorless 

Negative 

Faint red 

5.98 

409 

(?) 

Colorless 

Colorless 

Colorless 

Negative 

Faint red 

6.32 

734 

(?) 

Colorless ' 

Colorless 

Colorless 

Negative 

Colorless 

6.66 

722 

Neutral 

Colorless 

Colorless 

Colorless 

Negative 

Colorless 

7.00 

408 

Neutral 

Colorless 

Colorless 

Colorless 

Negative 

Colorless 

7.08 

872 

Alkaline 

Red 

Colorless 

Colorless 

Negative 

Colorless 

7.67 

3 

Alkaline 

Red 

Colorless 

Colorless 

Negative 

Colorless 

8.01 


Daikuhara methods sets free iodine from KI as indicated by the starch paste 
of starch iodide paper and which in the Truog method liberates H 2 S from 
ZnS as indicated by the lead acetate test paper. These methods apply only 
in those soils with pH values of 4.8 or less and indicate that these reactions 
are inhibited in our soil types or that in those soils of low hydrogen-ion con- 
centration the small amounts of iodine or H 2 S are absorbed and not set free on 
boiling. The Comber method showed some promise of yielding information 
relative to the nature of acidity and in view of this fact and the more ad\^nced 
conceptions of soil acidity in which the salts of iron and aluminum play an 
important part more time was devoted to a study of this method. The reagent 
used in this test is an alcoholic solution of KSCN which will, in the presence 
of soluble iron, increase the concentration of Fe(SCN )3 in the liquid phase to 
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such an extent as to greatly increase the delicacy of the reaction. From the 
composition of Hawaiian soils one would ordinarily attribute acidity to be in 
a large part due to these elements. 

According to Comber the red color increases in depth on standing. As 
thus applied to Hawaiian soils Mn02 which is present in var 3 dng amounts in 
practically all types introduces a factor which within a certain pH range 
materially enhances the value of this method or viewed in another light may 
add to its value. In table 3 are noted tlie observations made with this test 
immediately after the soil had settled and at the close of 24- and 48-hour 
periods. 


TABLE 3 

Showing the factor of lime in the Comber method 


soil NOMBER 

pH VALDES 

COLOR REACTION AT CLOSE OF VARIOUS PERIODS OF TDCE 

15 min. 

24 hr. 

48 hr. 

848 

4.63 

Dark red 

Dark red 

Dark red 

849 

4.80 

Dark red 

Dark red 

Dark red 

367 

4.88 

Light red 

Light red 

Light red 

399 

4.97 

Red 

Red 

Red 

765 

5.56 

Red 

Red 

Red 

186 

5.73 

Light red 

Light red 

Light red 

187 

5.98 

Light red 

Light red 

Light red 

621 

5,98 

Light red 

Blue 

Blue 

409 

6.32 

Light red 

Blue 

Blue 

734 

6.66 

Colorless ' 

Blue 

Blue 

722 

7.00 

Colorless 

Blue 

Blue 

408 

7.08 

Colorless 

Blue 

Blue 

872 

7.67 

Colorless 

Colorless 

Blue 

3 

8.01 

Colorless 

Colorless 

Colorless 


This blue color was found to be due to Mn02 and it is apparent from table 
3 that we may expect soils of pH less than 5.5 to show a permanent test for 
soluble iron. Within the range of pH 5. 5-7.0, Mn02 will change the red color 
to a greenish blue. This change in color is due directly to the MnOa and not 
to soluble manganese salts. For example, on adding MnOs to 848 there 
resulted a gradual fading to a blue while on adding manganese salts there was 
no change in color, the red color of undissociated Fe(SCN )3 being permanent. 

It was further suggested by Comber that if FeCb be added to this reagent 
thus developing the red color before shaking with the soil, the iron present in 
the liquid phase will be displaced by lime in alkaline soils. As thus applied 
to the soils under investigation further peculiarities were met. The observa- 
tions noted were as follows. In soils 848 to 187 there was no greater amount 
of color than where no FeCb was added. Soils 621 to 408 all showed no greater 
amount of color and turned blue in 24 hours. While 872 and 3 remained 
colorless. The results clearly show the high absorptive capacity of the soil 
colloids and the influence of hydrogen-ion concentration on the color of the 
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Fe(SCN) 3 . The delicacy of the reaction in these soils is greatly^ increased 
by using an ether-alcohol reagent. 

TABLE 4 


Comparison of pH values with lime requirement in pounds CaCOi per acre 


SOIL 

pH VALUES 

LIME REQUIKEMENT BY VARIOUS METHODS 


Veitch 

H-MacL 

Lyon-Biz. 

Hopkins 

Loew 

Jones 

Carr 



lb$. 


lbs. 

Ihs. 

Ihs. 

lbs. 

lbs. 

848 

4.63 

11460 

11080 

11480 

3570 

9360 

6840 

7020 

849 

4.80 

11460 

13440 

12820 

6880 

11580 

8570 

9000 

367 

4.8’8 

6390 

9070 

8060 

170 

3630 

4860 

1200 

399 

4.97 

6750 

6720 

7990 

100 

3510 

3600 


765 i 

5.56 

15120 

11500 

123GO 

100 

4410 

6480 

4290 

186 

5.73 

22500 

9820 

13230 

170 

6480 

6480 

2200 

187 

5.98 

24510 

9570 

11380 

170 

1 2490 

5580 . 

1000 

621 

5.98 

2340 

1510 j 

1 250 

85 

1480 

1260 


409 

6.32 

1350 

2680 

200 

60 

810 ' 

900 


734 

6.66 

1350 

3520 

120 

40 

1080 

1260 


722 

7.00 

660 ' 

126 

60 

40 

420 

360 


408 

7.08 

1680 

126 

310 

40 

330 

360 


872 

7.67 

660 

-2680 

Aik. 

Aik. 

270 

Aik. 


3 

8.01 

660 

-6630 

Aik. 

Aik. 

210 

Aik, 



TABLE 5 

Comparison of pH values with lime requirement determinations 


Lime REQcmEi£E>rr by various methods 



Rice Osugi 

Conner 

Immendorf 

Hollemann 


gf»j. CuO Per 2.5 
%m. soil 

cc. 0.5 y alkali Per 

10 gm. soil 

cc. 0.2 y acid 
neuiralized by }0 gm. 
Soil 

per cent CaO solnPie 
in C 02 -saturjie(i 
valer (/ pari soil lo 

5 parts water) 

848 

0.0750 

9,6 

13.25 

0.008 

849 

0.1160 

4.4 

13.40 

0,007 

367 

0.0190 

13.0 

8.50 

0.009 

399 

1 0.0130 

10.0 

7.75 

i 0.013 

765 

0.0536 

24.0 

’ 15.90 

0.015 

186 

0.0254 

10.0 

20.25 

O.OIT 

187 

0.0520 

6.0 

20.10 

0.016 

621 1 

0.0150 

8.0 

10.00 

0.023 

409 

0.0025 

2.8 

11.75 

0.020 

734 

0.0050 

10.0 

14.90 

0.023 

722 

0.0153 

2.0 

15.10 

0.033 

408 

0.0136 

2.8 

13.00 

0.027 

872 

0.0395 

4.4 

21.10 

0.081 

3 

0.0230 

2.0 

24.10 

0.131 


QUANTITATIVE METHODS 

A comparison of the quantitative methods of determining acidity or lime 
requirement with pH values is given in tables 4 and vS. Table 4 includes those 
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methods which express lime requirement as pounds of CaCOa per acre and 
table 5 includes those in which other terms are used. 

Let us first consider the results obtained with the Veitch, Hutchinson- 
MacLennan and Lyon-Bizzell methods which, in a manner, involve similar 
principles. In the two former methods, amelioration of soil acidity is effected 
by methods closely resembling field practice, a solution of Ca(OH)2 in the one 
case and CaH2(C03)2 in the other. It is evident, however, that in addition 
to a neutralization of actual acidity and a replacement of soluble iron, man- 
ganese and aluminum the acidity will appear greater than it really is because 
of the physical absorption by the colloids. This extra lime, however, may be 
of benefit to the soil in other ways than neutralization of soil acidity. 

In the results obtained by these three methods there is a general agreement 
in the soils with pH values of 4.6-5,5. Soil 186 and subsoil 187 show a wide 
variation. It is evident that this type of acidity is due to several acid constit- 
uents as shown by the different degrees of reaction with the different basic 
combinations. Absorption as a factor in this soil might be interpreted 
from the high content of water of hydration and the resulting colloidal prop- 
erties usually associated with such types. Comparing soils 187 and 621 it will 
be noted that both show a pH of 5.98 while there is a difference of 10 tons lime 
requirement by the Veitch method, 4 tons by the Hutchinson-MacLennan 
method, and 5.5 tons by the Lyon-Bizzell method. These results indicate a 
high potential acidity in the former probably due to the presence of acid- 
reacting organic compounds and an acidity of greater intensity in the latter 
soil which has a lower organic content. The soils of lower hydrogen-ion 
concentration given in the table all show a greater degree of variation. In 
general it may be said that these methods neutralize all types of acidity and 
will usually agree closely enough for practical purposes on all our highly acid 
types where the ratio of lime absorbed by the colloids to that used in neu- 
tralizing acidity is low. But in those less important soils with pH values of 
6-7 in which there is a higher ratio of absorbed lime to that neutralizing the 
soil acids, there is greater variation and less agreement, the Veitch method 
showing absorption even in the alkaline soils. Specific information relative to 
the nature of the acidity is wanting except that the Veitch method gives 
higher results (compared to the actual hydrogen-ion concentration on soils the 
acidity of which is due to organic matter) than where due to factors other than 
organic matter. In other words, the Veitch method has the advantage in the 
case of soils of high potential acidity where it is desired to estimate the lime 
needed to neutralize the soil, since in such types this factor is not indicated 
by the hydrogen-ion concentration. 

In the Hopkins, Jones, and Loew methods we have the much discussed 
acidity by replacement or absorption. It is generally conceded that these 
methods indicate mineral acidity which is shown by the presence of aluminum, 
iron and manganese in the extracts of soils treated with solutions of the salts 
which are the basis of the above methods and supported by the fact that the 
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salts of these elements react acid through hydrolysis. Practically all soils 
show a higher acidity where acetates are used than with chlorides or nitrates 
and this is strikingly true of Hawaiian soils. Even in our most acid types it 
will be noted that the lime requirement as indicated by the Hopkins method 
is practically negligible. Both KCI and KNO3 were used and the results 
obtained with both salts checked very closely. It is significant that the highest 
results were obtained on the soils of highest hydrogen-ion concentration and 
in which soluble ipon and aluminum salts were present in large amounts, and 
that in these soils potassium acetate gave higher results than the calcium 
acetate. 

The Conner method and Rice-Osugi method show a wide variation in the 
hydrolytic action of these soils as measured by the hydrolysis of sucrose and 
ethyl acetate. These compounds are hydrolysed or decomposed in the alka- 
line soils as well as the acid and there appears to be little relation between the 
hydrogen-ion concentration and hydrolysis indicating that this reaction is 
due in part to other factors than acidity. 

The Immendorf method which acts as a measure of the soluble bases is of 
little or no value in these highly basic soils either as a measure of lime require- 
ment or as indicating the nature of acidity. All the acid extracts of these 
soils were high in iron and aluminum except for soil 3. 

On the other hand the Hollemann method which measures the solubility of 
lime in water saturated with carbon dioxide shows a very close relation to pH 
values. There is a gradual increase in the solubility of lime in this reagent with 
decrease in hydrogen-ion concentration. These results clearly indicate that 
the solubility of lime is definitely associated with the hydrogen-ion concen- 
tration of these highly basic soils both as a neutralizer of actual soil acidity 
and in the replacement of iron, aluminum and manganese in the soil solution 
because of their relative positions in the electromotive series. The results 
obtained show beyond a doubt that acidity in Hawaiian soils is largely a 
question or presence of absence of readily available calcium compounds. 

Carr (5) has developed a quantitative method from that of Comber using 
the red color of Fe(SCN)3 as an indicator after determining the pH value at 
which this salt becomes colorless. As thus applied to Hawaiian soils some 
interesting results were obtained. In highly acid soils which give a positive 
test for iron the titration is to a greenish blue rather than a colorless solution. 
A pH value of 5.4 is the turning point and the change is rather indefinite. 
However in titrating from colorless or blue to red the change is even yet more 
indefinite and in the highly manganiferous soils considerable acid may be 
added without changing the pH value. For example, an acid-reacting soil 
containing 7 per cent Mn02, having a pH value of 5.9, on titrating with 0.1 N 
alcoholic H2SO4 still showed a pH value of 5.6 after adding 120 cc. and the red 
color of Fe(SCN)3 had not yet appeared. These observations are of con- 
siderable value in interpreting the rdle of manganese in the acidity of our 
manganiferous soils. Where appreciable amounts of manganese are present 
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as dioxide this compound will tend to stabilize the soil reaction and maintain a 
certain definite range of hydrogen-ion concentration. 

DISCUSSION 

In attempting an interpretation of this data as a whole, the results show 
that the acid soils of the humid districts will contain considerable acid- 
reacting organic matter of high potential acidity not indicated in the hydrogen- 
ion concentration. Such types will usually show a very high lime requirement 
but not necessarily a low pH value. Other factors may be absorption 
or adsorption, presence of silicic acid, complex acid-reacting silicates and 
hydrolyzable salts of aluminum, iron and manganese. 


TABLE 6 

FeiOi and AhOz in tfie salt extracts of acid soils 


■SOIL NUliBEE 

pH VAIUBS 

IN KNOl EXTRACI 

IN KCiHiOf EXTRACT 



per cent 

per cent 

m 

4.63 

0.228 

0.183 

849 

4.80 

0.220 

0.192 

3(57 

4.88 

0.043 

0.017 

399 

4.97 

O.GH 

0.024 

765 

5.56 

0.082 

0.027 

186 ! 

5.73 

0.085 

0.056 

187 

5,98 

0.073 

0.022 

621 

5.98 

0.100 

0.086 

409 

6.32 

0.189 

0.180 

734 

6.66 

0.072 

0.097 

722 

7.00 

0.113 

0.158 

408 

7.08 

0.194 

0.196 

872 

7.67 

0.268 

0.252 

3 

8.01 

0.126 

0.174 


In ascertaining the r61e of these elements, their presence is usually sought 
in the salt solution extracts. Table 6 gives the percentage of iron and alu- 
minum oxides in the potassium nitrate or Hopkins method extract and the 
potassium acetate method or Loew extract of these soils. 

It has usually been noted that (6) the aluminum content of the acetate 
extract is lower than that of the nitrate. This is explained theoretically by 
the difference in the hydrolytic products of the reactions involved, namely, 
aluminum acetate of which the products of hydrolysis are aluminum hydrate 
and free acetic acid and aluminum nitrate which is retained in solution as the 
acid salt. In the acid soils with reactions of pH 4.6-d.3, the iron and alu- 
minum content is less in the acetate than in the nitrate extract. While in the 
soils with reactions of pH 6.6-8.0 this relation does not hold. 

Judging from the color of the ammonia precipitate and qualitative tests, 
iron was present principally in the extracts of the most acid soils while scarcely 
more than a trace was found in the extracts of the soils with pH values of 6.0 
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to 8.0. It should be noted that the extracts of the alkaline soils contained 
just as much or possibly more iron and aluminum than those from the acid 
soils. The formation of acid salts is apparently inhibited by the association 
with higher soluble lime content. 

This influence of easily soluble bases is apparently a very important factor. 
The solubility of silica and silicates is also of some importance. The ratio of 
iron, aluminum, calcium and silica was determined using 0.2 N nitric acid as a 
solvent and the results arc given in table 7. 

It will be noted that in all types easily soluble aluminum is far in excess of 
iron and highest in the highly organic soils. In general all four constituents 
show wide variations in the different soil types and there appears to be no 


TABLE 7 

Easily soluhle bases and silica in 0.2 N nitric acid extract 


son, KUliBER 

SiOj 

FejO, 

AIjO, 

CaO 

pH VALUES 


ptr cent 

per cent 

per cent 

per cent 


' 848 

0.120 

0,032 

0.468 

0.435 

4.63 

849 

0.137 

0.026 

0.052 

0.396 

4.80 

367 

0.012 

0.005 

0.313 

0.051 

4.88 

399 

0.012 

' 0.100 

0.182 

0.108 

4.97 

765 

0.097 

0.022 

1.518 

0.145 

5.56 

186 

0.252 

0.043 

3.920 

0.423 

5.73 

. 187 

0.386 

0.032 

3.830 

0.I4I 

5.98 

621 

0.067 

0.008 

0.175 

0.176 

5.98 

409 

0.105 

0.007 

0,138 

0.202 

6.32 

734 1 

0.270 

0.004 

0,537 

0.278 

6.66 

722 

0.116 

0.006 

0.233 

0.253 

7.00 

408 

0.141 

0.009 

0.174 

0.269 

7.08 

872 

0.287 

0.031 

0.602 

1.015 

7.67 

3 

0.493 

o.on 

1.585 

1.185 

8.01 


relation between this ratio and acidity. Apparently the mineral acidity or 
hydrogen-ion concentration is not primarily entirely a function of the solubility 
of these elements but rather a function of other factors which limit the forma- 
tion of acid or basic combinations. 

Eliminating such abnormal types as soils 848 and 187 and considering only 
those in the series which are more typical of the average island soils, there is a 
tendency toward decreasing solubility of aluminum, less so the iron and an 
increase in soluble calcium with decrease in hydrogen-ion concentration. This 
ratio probably has an important bearing on the mineral acidity or acid reacting 
compounds of these elements. 

EVIDENCE OP MINERAL ACIDITY OR PRESENCE OF ACID REACTING ORGANIC 
COMPOUNDS 

As previously noted in tlie ammonia precipitates obtained on the nitrate 
and acetate extracts only traces of iron were found even in soils 848 and 849 
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both of which gave strong tests for soluble iron salts by the Comber method. 
This type of acidity is greatest in the heavy clay soils in which drainage is 
is poor and aeration low and of which the above samples are t 3 ^ical. Iron 
then is not an important factor in the acidity of average island soils and its 
activity is confined to the most acid types and even in these evidently plays a 
secondary role to aluminum. 

Manganese on the other hand is a factor only in those soils of low acidity. 
Of the manganiferous samples examined, the pH values were all 5.9 or higher. 
It was noted also that in an examination of the subsoils from these types that 
in all cases the subsoil was of a lower hydrogen-ion concentration than the top 
soil. Expressed in pH values the difference was 0.6 to 0.9 less acid. Judging 
from the relative positions of calcium and manganese in the electromotive 
series one would theoretically anticipate this to be true. The calcium appar- 
ently replaces the manganese in the soil solution which usually occurs on the 
soil grains as a coating, while the characteristically open texture of the man- 
ganiferous soils favors the leaching of lime into the subsoil. 

Aluminum is present in easily soluble form in all the island types, highest 
in the humid districts and lowest in the arid. Apparently one of the prin- 
cipal roles which lime plays in Hawaiian soils is in its relation to the acidity of 
aluminum salts which appear to be present in soluble form even in the alkaline 
types. This is best shown by the progressive increase in per cent of lime 
soluble in water saturated with CO 2 with increase in pH values and the further 
fact that aluminum appears to be present in equally available form in the acid 
and alkaline soils. In other words, the aluminum may be present either as an 
acid or neutral salt depending upon environment. It is significant that soil 
186 represents a comparatively unproductive area, much less productive for 
example, than soil 848 which is much heavier and very poorly aerated. It has 
been found, in our island soils, that phosphate is much more available in the 
lowland sections than in the uplands. The principal inherent difference in 
the soils from such districts is the higher acidity and lower lime content of the 
uplands and a greater rainfall. A study of this phenomenon indicates that 
in the absence of lime in the more acid upland soils, phosphoric acid has com- 
bined with aluminum. The resulting compound has become hydrated and 
hence less available as there is no consistent difference in the total phosphate 
content of upland and lowland soils. The only variation is in the availability. 
It is believed that these facts lend some indication of the presence of acid 
mineral salts and that they are a factor in the acid reaction of island types. 

The importance of silicates as a factor in this acidity appears to be at least 
closely related to that of aluminum. Silicates are present in Hawaiian soils 
in a comparatively soluble form as shown by its presence in the waters of the 
island streams and its solubility in the dilute and strong acid extracts of the 
soil. It will be noted in table 4 that the lime requirement as determined by 
potassium acetate is greatly in excess of that shown by extraction with a 
solution of potassium nitrate. In the case of aluminum silicate, the acidity 
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from potassium acetate is due entirely to acetic acid formed from the hydrolysis 
of aluminum acetate. There results a greater acidity than where acid salts 
are formed and relatively less aluminum in solution. 

When anhydrides become hydrated they tend to assume acid or basic 
properties. This would apply to oxides of iron and aluminum as well as 
silicates and it is evident, therefore, that these compounds are more or less 
amphoteric depending upon environment. In our humid districts or those in 
which rainfall is heaviest a rapid leaching of lime has been noted. Where 
present as a double silicate of calcium and aluminum there may result a 
complex aluminum silicate containing no lime and of more acid tendencies. 
Soluble forms of lime have been found to be very low in the soils from these 
districts. The acid or neutral state of aluminum silicates will also depend 
upon the amount of water of hydration and ratio of silica to aluminum. 
Conner (6) found that ignition destroys the acid-reacting properties of clays 
as determined by the Hopkins method. Loss of water of combination there- 
fore lowers the acidity of aluminum silicates. He found that those silicates of 
low water of combination were not acid and that those containing considerable 
water and silica were highly acid. Applying these theories to the island soils 
we find the soils from the districts of low rainfall to be low in acidity while the 
reverse is true of the soils from humid districts. Examples of the former are 
soils 621, 408, 409, 734, 722 while soils 765, 186, 187 will illustrate the latter. 
The higher organic content of the latter, however, must not be overlooked. 
The largest humid district under cane cultivation in Hawaii is the Hamakua 
coast section on the island of Hawaii. Available lime and potash are low in 
this section and water of combination or hydration high. The moisture 
content of the air dry soils is often as high as 25 per cent and the maximum 
\vater-holding capacity over 100 per cent. Such conditions actively favor the 
formation of acid aluminum silicates. There is a notable response to potash 
fertilization in this district indicating the absence of available forms of potash 
silicates. There is a progressive decrease in rainfall from the Hilo section of 
this coast to the Kohala district at the northern most extremity of the island. 
Accomjmnyiiig this decrease in rainfall there is a decrease in maximum water- 
holding capacity, water of hydration and acidity of the soil. These observa- 
tions tend to prove that the acidity of our humid districts is due in large part 
to alumino-silicic acids or acid silicates. In the more arid districts where cane 
is grown under irrigated conditions, rainfall being too low to support maximum 
growth, we find more lime present in soluble forms. In these districts there is 
decidedly less response to potash manuring. It may be of interest to state that 
the water of hydration is lower in tlie soils from these districts. We have 
under these conditions more active double silicates of potash, lime, soda or 
magnesia and aluminum which partially prevent the formation of alumino- 
silicic acids through neutralization. 
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SUMMARY 

In this paper are reported the results obtained by the Hopkins, Jones, Loew, 
Carr, Truog, Veitch, Hutchinson-MacLennan, Lyon-Bizzell, Conner, Rice- 
Osugi, Hollemann, Immendorf and hydrogen electrode methods of determining 
soil acidity as applied to soils high in oxides of iron and aluminum. 

While some comments have been offered regarding the merits of these 
methods on such soil types the main purpose has been to interpret from the 
data the nature of the acidity in our island types of soil. 

In the humid districts acid-reacting organic matter is an important cause of 
soil acidity while in those sections of low rainfall this is true to a far less extent. 

Mineral acidity is due in most part to aluminum salts and aluminum sili- 
cates, the latter predominating in the humid districts. Iron is a factor only 
in the very acid soils with reactions of pH 4-6 while manganese is a factor only 
in those with pH values of 5.5 to 7.0. Water of combination or hydration is 
also an important factor of soil acidity in all types of soil studied. 
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Although soil fungi have been studied to some extent, our knowledge of 
the occurrence and functions of these organisms is still comparatively limited. 
In fact it is only recently that they have been looked upon as being of any 
importance in the soil. Many of the earlier workers considered them con- 
taminations and believed their occurrence in the soil was accidental. Recent 
investigations have shown, however, that certain fungi may be more active 
than bacteria under some conditions, and that, although their functions as 
a whole are neither as varied nor as essential as those of many bacteria, they 
play an important role in soil fertility. Their wide distribution and large 
numbers, especially under conditions where bacterial growth is inhibited, 
indicate that they may take an active part in many soil processes. 

That fungi exist in the soil in an active state is no longer open to question. 
Vegetative growth is often so abundant that the mycelium is plainly visible 
on the surface and within clumps of soil. This is especially true in the pres- 
ence of large quantities of organic matter. But where the mycelium is not 
evident to the naked eye, its presence may be demonstrated with the method 
employed by Waksman (18). Furthermore, as Brown and Halversen (1) 
point out, “The presence of mold spores in a soil not only shows the previous 
occurrence of active forms, but what is more important, it shows the future 
growth of mycelial forms.” Hence fungi undoubtedly have a potential 
influence, at least, on fertility. 

Russell (15) has well stated the present situation regarding soil fungi when 
he says, “It is impossible on present knowledge to assess the importance of 
fungi in soil fertility. The decomposition of cellulose is undoubtedly impor- 
tant and justifies the old view that fungi are the humus formers of the soil. 
On the other hand the locking up of nitrogen compounds is a disadvantage, 
which, however, would be considerably counterbalanced if the substance 
of the mycelium were readily decomposable by bacteria on the death of the 
organism.’^ 

OBJECT 

It is evident, then, that further work is needed to supply the true facts 
concerning soil fungi and to permit of the determination of their relation to 

^ The author wishes to express his appreciation to Dr. P. E. Brown and to Dr. Paul Emer- 
son for outlining the problem and for many helpful suggestion? during the course of the work, 
and to Dr. J. C. Gilman for his assistance in identifying the species. 
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soil problems. The purpose of the present work was to study certain activities 
of various fungi in soils, especially in relation to sulfur and phosphorus, which 
have received little attention heretofore. 

Definite information regarding the fungous flora of the soil is very desirable. 
Until it is known with reasonable certainty what forms occur in the soil and 
just what reactions each organism will bring about, the actual importance 
of fungi in relation to soil problems cannot be definitely determined. While 
time has not permitted a complete determination of the fungous flora, mem- 
bers of the common soil genera have been isolated and studied in this work. 

TAXONOMIC STUDIES 

Five soils from the agronomy farm at the Iowa State College were used in the isolation 
work. The lime requirement of these soils varied from zero to 5 tons per acre as measured 
by the Truog method. The soil types represented and the crops growing on the soils were as 
as follows: 


SOILTVPE 

LIME 

REQVIREMEKT 

CROP 


0 

Clover 

Webster silty clay loam 

1 ton 

Corn 

Camngton loam 

2 tons 

Clover 

C^rrin^ton lo3.rn. 

3 tons ' 

Clover 

Carrington loam 

4-5 tons 

Clover 



. 


Samples were taken in the usual way to depths of 3 to 4 inches, sterile instruments being 
used to prevent contamination. The soils were taken to the laboratory, dilutions made and 
plates poured immediately. The media used were modified albumen agar, Cook's No. 2 agar, 
Czapek’s synthetic agar, and Waksman and Fred’s (20) synthetic acid agar. Plates were 
poured in triplicate on each medium 

As soon as the colonies on the plates began to sporulatc, transfers were made to agar 
slants- In many cases pure cultures were secured in this manner, but for most of the identi- 
fication work single spore cultures were made according to the method described by Hagem 
(5) . This method always gave satisfactory results after a little practise. 

For identification, Thom’s (17) sucrose potato agar was found most satisfactory as a 
general medium for all genera, since nearly all of the organisms studied developed and spor- 
ulated readily on this medium. The four media descrilx:d by 4'hom (17) were used in identi- 
fying the members of the genus PenicilUiim, as well as some of the special difierentiative 
media mentioned in his cultural data. Ordinary sterilized bread was found helpful in deter- 
mining some of the Mucors. 

As general guides in the Identification, Rabenhorst (11) and Englcr and Prantl (3) have 
been followed. Thom’s key (17) was used in identifying the members of the genus Pcfncillium 
Lendner (10) for the Mucors^ Wchmer (21) for Aspergillus, while for other grou]DS the works 
of Hagem (4), (5), (6), Jensen (7), and Oudemans and Koning (13) have been found very 
helpful. 

The following species were isolated: 

Mucor glomerula Lendner (Bainier) Aspergillus Koningi Oud. 

Mucor geophilus Oudemans Aspergillus glaucus Link 

Zygorhynchus Vuilleminii Namys. Aspergillus nididans Eidam 
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Rhizopus nigricans Ehrenberg 
PeniciUium luteum ZukaJ. 
Penicillium commune Thom 
PenicUlium expansum Link 
Penicillium pinophilum Hedgcock 
Penicillium funiculosum Thom 
Penicillium iniricatum Thom 
Penicillium rugulosum Thom (?) 
Penicillium decumhens Thom (?) 
Aspergillus fumigaius Fres. 
Aspergillus flams Link 


Aspergillus clavaius Desmasieres 
Aspergillus niger van Tiegem 
Aspergillus sp. 

Acrostalagmus albus Preuss. 
Acrostalagmus sp. 

Cladosporium herharum Pers. 
ChaelomeUa horrida Oud. 
Trickoderma Koningi Oud. 
Verticillium sp. 

Fusarium sp. 

Monilia sp. 


PHYSIOLOGICAL STUUIES 

The soil employed in the physiological studies was classified as the Carrington loam. In 
all the tests, 100-gra. portions of sieved, air-dry soil were thoroughly mixed with the organic 
or inorganic materials in question, placed in 250-cc. Erlenmeyer flasks, made up to the 
optimum moisture content, and sterilised in the autoclave for 15 minutes at 15 pounds 
pressure. On cooling, the flasks were inoculated with spore suspensions of pure cultures of 
the organisms. 

For making the spore, suspensions, a culture of the organism was grown on Thom’s (17) 
sucrose potato agar for 5 to 7 days. Then 100 cc. of sterile, distilled water were added to the 
culture flasks, together with a little sterile sand to aid in breaking up the fruiting bodies, and 
the flasks agitated vigorously for several minutes until a good suspension of spores was 
secured. The flasks of sterilized soil were then inoculated with 1 cc. of this spore suspension 
by means of sterile pipettes and the inoculum mixed into the soil with a sterile spatula. 

The soils were incubated at 26--28°C., the incubation periods varying with the different 
scries. The moisture content was adjusted to the optimum every 10 days. 

Ammonificatlon 

For determining the ammonifying powers of the organisms, cottonseed 
meal and dried blood were used as sources of organic matter, 2-gm. portions 
of each being supplied to tlie soil in duplicate flasks. Also, 22 cc. of distilled 
v^ter, plus 2.5 cc. for each gram of organic matter were added to each flask. 
The flasks were sterilized, inoculated as noted above, incubated for 10 days, 
and the ammonia present determined by the aeration method (14). The 
results shown in table I are the averages of duplicate determinations. Where 
duplicates did not check well the experiment was repeated. 

The results show that with few exceptions all the organisms were rather 
vigorous ammonifiers when either dried blood or cottonseed meal was used. 
With the single exception of Acrostalagmus albus, cottonseed meal proved a 
better source of nitrogen than dried blood for the fungi, the difference being 
very marked in some instances. A. albus produced a higher percentage of 
ammonia from dried blood tlian any other organism (3.57 per cent) and only 
slightly less from cottonseed meal (33.4 per cent). These results are in accord 
with those of Coleman (2), who found that cottonseed meal nv^s more readily 
attacked by fungi than dried blood. McLean and Wilson (12), on the otlier 
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hand, obtained contrary results, more NH3 being produced from dried blood, 
while Waksman (19) found a great variation in the ability of different species 
to attack the two materials, some preferring cottonseed meal and others dried 
blood. These variations were evident with members of the same genus. 

With the exception of PenicilUum commune and P. pinophilum^ all of the 
organisms tested had a relatively high ammonifying power when tested with 
either dried blood or cottonseed meal. Mucor glomerula produced the highest 
percentage of ammonia from either source, liberating 65.4 per cent of the 
nitrogen in cottonseed meal, in the form of ammonia. 

TABLE 1 


Ammonification by fungi in 10 days 


ORGANISE 

DRIED BLOOD 

COTTONSEED MEAD 

i 

Increase of 
NHj-N 

over check 

Per cent 
ammonified 

Increase of 
NH,-N 
, over check 

Per cent 
ammonified 


mgm. 

per certt 

mgm. 

t per cent 

Asp. ghucus 

34.2 

12.2 

51.8 

34.1 

Asp.fumigaius 

42.2 ' 

15,1 

34.8 

22.1 

Asp. Koningi 

47.7 

23.2 1 

64.9 

43.3 

Asp. fiavus 

31.9 : 

10.6 

26.2 ! 

18.4 

Asp. niger 

8.5 

3.0 

30.5 

27.8 

Asp. sp 

58.4. 

20.9 

.59.4 

41.7 

Pen. expansum 

8.0 

2.9 

32.3 

22.7 

Pen. commune 

-1.2 

-0.4 

6.0 

4.2 

Pen. pinophilum 

1.3 

0.5 

14.1 

9.9 

Pen. funicidosum 

55.4 

19.8 

39.2 

27.5 

Pen. luteum 

59.0 

20.0 

39.8 

28.0 

Mucor glomerula 

63.3 

22.7 

92.9 

65.4 

Zygorhynchus Yuilkminii 

40.1 

14.3 

36.8 

25.9 

Cladosporium kerbarum 

10.7 

3 8 

30.9 

21.7 

Acrostaiagmus albus 

102.1 

35.7 

47.5 

33.4 

Verticillium sp 

36.7 

13.1 

66.6 

46.8 

Fusarium sp 

74.7 

26.7 

64.3 

45.2 

Monilia sp 

94.4 

34.9 

54.9 

38.6 


In general, the species belonging to the imperfect genera were more vigorous 
ammonifiers than members of the genera Aspergillus and PenicilUum. This 
is in accord with the results of previous workers (12), (19). 

Phosphorus transformation 

In this series, 10 gm. of sieved raw rock phosphate was thoroughly mixed 
with the air-dry soil, in flasks, 30 cc. distilled water were added, and the 
flasks were sterilized as noted above. The normal optimum moisture content 
for this soil was 22 per cent but the addition of the relatively large amount 
of rock phosphate made necessary a larger addition of water. At the end 
of the incubation period of 28 days, ammonium-citrate-solubie and water- 
soluble phosphorus were determined. The results are shown in table 2. 
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It is evident from the table that no water-soluble phosphorus was set free 
by the action of the fungi, since in every case the results, whether plus or 
minus, were so small that they fell within the experimental error. In view 
of the fact that similar results were obtained in other series the water-soluble 
determinations were discontinued. 

Five organisms, Aspergillus fumigalus, A, fiavus^ Penictlhum funictdosum^ 
P. luteum, and Cladosporium herharum appear to have had some action in 
setting free phosphorus as measured by the citrate-soluble method. This 
is especially true of Cladosporium herharum and Penicillium luleum which 
liberated 24.9 mgm. and 22.6 mgm., respectively. It is possible that Asper- 
gillus niger and Penicillium pinophilum which liberated 6.7 mgm. and 8.5 


T.\BLE 2 

Phosphorus transformalion by fun^i in 28 days 



CITRATE-SOLUBLE P | 

WATER-SOLUBLE P 


la culture 

Increase 
over check 

In culture 

Increase 
over check 

Asp. glaucus 

mgm. 

27.1 

mgm. 

4.9 

mgm. 

0.22 

mgm. 

-0.22 


37.0 

14.8 

1.25 

0.81 


37.4 

15,2 

0.74 

0.30 


1 32.3 

5.1 

2.06 

1.62 


29.0 

6.7 

0.65 

0.23 


26.0 

3.8 

0.29 

-0.15 

Pen. commune 

22.5 

0.2 

0.15 

-0.29 

Pen. pinophilum 

30,7 

8.5 

0.15 

-0.29 

Pen. funiculosum 

35.1 

12.6 

0.15 

-0.29 

Pen. luteufn 

46.1 

22.6 

Mucor plomerula 

26.9 

3.4 



Cladosporium herharum 

47.1 

24.9 

l.IO 

0.66 

Acroslalagmus albus 

21.9 

-1.6 



VerticiUium sp 

23.4 

-0.1 



Fusarium 3p 

19.3 

-6.2 



AConilia sp. 

16.0 

-7.5 








mgm., respectively, have had some effect on the phosphate rock, but not 
enough to be of any importance. 

Only one other organism need be mentioned, Monilia sp. In this case 
there was a decrease of 7.5 mgm. below the check, which indicates that the 
organism utilized in its owm metabolism the phosphorus which was set free, 
with a consequent locking up of phosphorus in the organic form. Further 
results would be necessary for definite conclusions. It is improbable that 
enough phosphorus would be locked up in the fungous bodies to have any 
permanent effect on plant growth, since on decomposition of the mycelium 
the phosphorus would again become av’ailable. 

The phosphorus liberated may have been set free either by the action of 
the carbon dioxide or of the acids produced by the organisms. The ability 
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to produce rather large quantities of acid, especially oxalic and citric, is 
generally ascribed to fungi, and under laboratory conditions where relatively 
small quantities of soil are used, it is quite possible that sufficient acid would 
be formed to act upon the rock phosphate, rendering a portion of it soluble. 
From the field standpoint, however, it is probable that the action of carbon 
dioxide would be more important. Nearly all fungi attack organic matter, 
decomposing it quite readily, and it is reasonable to believe that the carbon 
dioxide produced in this decomposition process would have some effect on 
the insoluble phosphates in the soil. It has been suggested by Kopeloff (8) 
that fungi may be an important compensating factor in ammonia production 
in soil where conditions are unfavorable for bacterial growth. It is not im- 
probable that under such conditions they may bear a similar relation to 
carbon dioxide production, and its resultant effects on inert materials in the 
soil. 

Sulfur oxidation 

In this experiment 2 gm. of flowers of sulfur were added to 100 gm. of 
soil in flasks, and treated as noted above. Sulfates were determined photo- 
metrically at the end of 10 and 20 days. The results are shown in table 3. 

It is evident from the table that only one organism tested, Penicillium 
luteum, had any appreciable power of oxidizing sulfur. This organism liber- 
ated 17.1 mgm. of sulfate sulfur in 10 days and 20.3 mgm. in 20 days. The 
experiment was repeated with closely checking results. Mucor glomerula^ 
which produced 6.9 mgm. in 20 days seemed to have had a slight action. All 
of the other results, whether plus or minus, were so small that they fall within 
the experimental error. 

The amount of sulfate sulfur produced by P. luleum was one per cent of 
the application. Inasmuch as this organism has been isolated repeatedly 
and is one of the most common soil forms, it seems reasonable to conclude 
that it may he of importance in oxidizing sulfur in the field. It would be 
interesting to compare this organism with the sulfur-oxidizing bacteria. 
Where the latter are present in the soil it is probable, however, that their 
action would overshadow that of the fungus. 

Seven strains of P. luteum were isolated, all very similar morphologically 
but quite different physiologically. On sucrose potato agar the colonies 
ranged in color from pure white in one strain to a brilliant red in another, 
while the other strains showed various intermediate gradations of color. 
The reverse of the colonies was also quite variable; some produced a pigment 
which diffused through the medium while others did not. The morphology 
of the organisms, however, was so nearly identical that it seems inadvisable 
to split the group into species, but to retain all of the strains in the ''Penicil- 
lium luteum group.” Detailed cultural data are not presented here as the 
group is being studied further. The strains so far tested were about equal 
in sulfur-oxidizing power. 
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TABLE 3 


Sulfur oxidation by fungi in 10 and 20 days 


OKGANISU 

AFTER 10 OAYS’ 
INCDBATION 

AFTER 20 days' 
INCCTHATION 


. SO4-S 
in culture 

Increase 
over check 

. SO4-S 
in culture 

Increase 
over check. 

Asp, glaucus 

mgm. oj S 

5.4 

msm. 

--5.0 

m^m. of S 

6.4 

0.1 

Asp. fumigatus 

9.5 

-0.9 

5.2 

1.1 

Asp. Koningi 

12.0 

1.6 

7.0 

0.7 

Asp. jiavus 

9.1 

-1.3 

6.6 

0.3 

Asp. niger. 

6.2 

-4.2 

7.3 

1.0 

sp 

8.2 

-2.2 

6.1 

-0,2 

Pm. expansum 

15.2 

4.8 

5.9 

-0.4 

Pen. commune 

14.6 

4.2 

8.9 

2.3 

Pm. pinophilum 

6.0 

-4.4 

5.9 

1 -0.4 

Pen. funkulosum 

6.0 

-4.4 

10.9 

1 4.3 

Pen. luteum 

27,5 

17.1 

26.6 ' 

20.3 

Cladosporium herbarum 

6.8 

-3.6 

5,8 

-0.5 

Acrostalagmus alhus 

5.8 

-4.6 

8,7 

2.1 

VerticiUium sp 

6.4 

; -4.0 

5.0 

-1.3 

Fusarium sp 

6.5 

; -3.9 

8.4 

2.1 

MonUia sp 

t 7,8 

: -2.6 

10.0 

3.7 

Mucor glomernla 

1 14.7 

4.3 

13.2 

6.9 


TABLE 4 

Transformation of phosphorus by fungi in composts of soil, raw rock phosphate and sulfur 



INCREASE 

of CITRATE 
DVER CHECK 

SOLUBLE P 

INCREASE OT 
W.4TER-SOLUFLE P 
OVER CHECK 


After 

15 days 

After 
.30 days 

After 

45 days 

After 

15 days 

After 

45 days 


mgm. 

mitn. j 

mgm. 

mgm. 

mgm. 

Asp. glaurus 

~ 2.4 

6.5 

- 4.8 

0.1 

-0.7 

Asp. fumigatus ■ 

-11.6 

-1.6 

: - 1.1 

0.2 

-0.3 

Asp. f.ams i 

- 6.6 

3.7 ' 

- 2.9 

-0.1 

-0,7 

Asp. Koningi, 

; - 0.1 

13.5 

j 17,0 

-0.1 

-0.7 

Asp. niger 

! - 4.9 

! 21.8 

0 

1 

0.1 

-0.4 

Pen. expansum 

! — 7.6 

3.9 

1-3.0 

-0.3 

-0.4 

Pen. commune 

! - 3.7 

-1.2 

1 - 7.9 

0.1 

1 

0 

b 

Pen. pinophilum 

1 - 

10,3 

1 -10.8 

0.0 

-1.0 

Pen. funiculosum 

1 - 1.2 

7.5 

i 10.5 

0.2 

-1.0 

Pen. luteum 

j - 3.4 

11.2 

! 3,3 



Mucor glotnerula 

- 9,3 

i 6,8 

i 10.7 



VerticiUium sp 

- 1.5 

1 2.0 

1 0.5 

j 


Fusarium sp 

- 2.2 

! 1,8 

i 3,1 



Monilia sp 

- 6,4 

j 19.3 

! - 0,5 



Cladosporium herbarum 

- 4.0 

4.2 

! - 8.5 
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Composts of raw rock phosphate and sulfur 

In this experiment 10 gm. of raw rock phosphate and 2 gm. of sulfur were 
mixed with the soil. Citrate-soluble and water-soluble phosphorus were 
determined at the end of 15, 30, and 45 days. The results are shown in 
table 4. 

Only three organisms, Aspergillus Koningi, Penicillium funictdosum, and 
Mucor glomerula showed consistent gains in the amounts of citrate-soluble 
phosphorus liberated. In each case the amount of soluble phosphorus in- 
creased at the end of the successive incubation periods, and the quantities 
were large enough to indicate some action by the organisms, being 17 mgm. 
with A. Koningl^ 10.5 mgm. with P. funiculosum, and 10.7 mgm. with M. 
glomerula. 

Comparing these results wdth those on phosphorus transformation where 
no sulfur was present, it will be noted that neither Aspergillus Koningi nor 
Mucor glomerula liberated a measurable quantity of soluble phosphorus in 
that series. This indicates that the sulfur added in this experiment had a 
stimulating effect on the ability of the organisms to attack the rock phosphate. 

Since none of these three organisms has any measurable sulfur-oxidizing 
power and consequently would produce little or no sulfuric acid in the soil 
it is probable that the sulfur caused a stimulation of carbon dioxide produc- 
tion by the fungi, and that this carbon dioxide made more of the phosphorus 
soluble. The gradual accumulation of soluble phosphorus may be explained 
either by the fact that the organisms produced relatively large quantities 
of it or their phosphorus requirements were small. 

With very few exceptions the remaining organisms tested showed a decrease 
under the check at the end of 15 days, a relatively large increase at the end 
of 30 days, and a decided decrease at the end of 45 days. It, will be noted that 
Aspergillus niger and Monilia sp. showed appreciable gains in 30 days, while 
in 45 days they again fell below the check. A possible explanation of these 
results would be that the soluble phosphorus produced during the first 15 
days was utilized by the growing organisms; then, during the next period, 
as the first ^ ^generation” died, the phosphorus was changed to a soluble state 
through autolysis of the fungous bodies. This period of quiescence was fol- 
lowed by the development of the second “generation” of fungi as the spores 
germinated, with the consequent utilization of the available phosphorus and 
a decrease in citrate soluble phosphorus. 

As in the previous experiment, the results of the water-soluble determina- 
tions were such that no conclusions could be drawn from them. 

DISCUSSION 

The results as a whole indicate that fungi have a greater influence on the 
organic materials in the soil than on the inorganic. With the exception of 
two species all of the organisms tested were comparatively vigorous in their 
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action on the organic matter added to the soil, while few exhibited the power 
of attacking phosphorus and sulfur, and changing to a form available to plants. 
Many investigators, (5), (9), (16), (19), have shown that fungi are capable of 
decomposing complex organic materials in the soil, even attacking the com- 
plex, inert celluloses and breaking them down to a point where the decomposi- 
tion may be completed by bacteria. 

Undoubtedly fungi are of very great importance in soil as ammonifiers, prob- 
ably being equal to bacteria in this respect, and available evidence indicates 
that their principal function in the soil is the decomposition of organic matter. 
Their effect on the mineral constituents appears to be more limited. Eight 
organisms showed the power of rendering a portion of the phosphorus in raw 
rock phosphate soluble, while only one was capable of oxidizing elemental 
sulfur. It cannot be stated, however, that fungi are of no importance in 
making such materials available under field conditions, because most of the 
common soil forms are active decomposers of organic matter, and they occur 
in such numbers that sufficient carbon dioxide would probably accumulate 
from the decomposition processes to act upon the complex mineral com- 
pounds. They would be especially important where conditions are such 
that bacterial growth is depressed. 

Another fact which must be kept in mind is that in these experiments only 
pure cultures of fungi were used. It is the usual experience in microbiological 
work that mixed cultures, which more nearly represent natural conditions, 
give higher results than pure cultures, and it is quite probable that such would 
be the case here. 

SUMMARY 

1. In these experiments 28 species of fungi, representing 12 genera, were 
isolated from 5 soils which varied in lime requirement from zero to 5 tons 
per acre. The organisms isolated include the common soil genera, but repre- 
sent a small proportion of the total soil flora. 

2. Waksman and Fred’s synthetic acid medium proved the most satis- 
factory for isolating fungi, since bacterial development is depressed on this 
medium. 

3. With two exceptions, the organisms tested were rather vigorous ammoni- 
fiers. The members of the imperfect genera exhibited the greatest ammoni- 
fying ability while members of the genus PenkilUum w'ere the weakest. 

4. All of the species tested ammonified cottonseed meal more readily than 
dried blood, with tlie single exception of Acrosialagmus albus. 

5. Five species, Aspergilhis fumigatuSy A. favus, PenkilUum funkulosum, 
P. luteumy and Cladosporium Iterbarum were shown to have the ability of 
liberating soluble phosphorus from raw rock phosphate, as measured by the 
ammonium citrate method. 

6. PeniciUium luteum was the only organism tested which had the power 
of oxidizing free sulfur to the sulfate form. Seven strains of this organism 
were isolated, and all show^ed about the same sulfur-oxidizing pow-er. 
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7. With composts of sulfur and raw rock phosphate, only three organisms, 
Aspergillus Kaningi, PenicUlium funkulosum, and Mucor glomerula showed 
consistent gains in the amount of citrate soluble phosphorus liberated through 
successive incubation periods of 15 days. With few exceptions the remaining 
species showed a decrease under the check in 15 days, an increase in 30 days, 
followed by a marked decrease in 45 days. It is probable that these varia- 
tions correspond with the development of successive generations of the 
organisms. 
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INTRODUCTORY 

It is widely believed that burnt lime and limestone effect a liberation of 
potassium from the potassic components, native to the soil. As a practical 
application of this belief, many users of agricultural lime have assumed that 
the potash requirements of crops would be cared for by the supposed replace- 
ment. This assumption has been based upon the fact that solutions of 
neutral salts of calcium and magnesium will effect basic exchange when soil 
and solution are agitated or when such solutions are percolated through a mass 
of soil. The development of this point of view may be traced by reference 
to bibliographies by Macintire (6) and by Tressler (10). However, the im- 
posed conditions under which the active mass of the alkalis and alkali-earths 
may effect basic exchange are different from those which prevail in the field. 
There the soil is bathed not alone by neutral salts, but also by the bicarbon- 
ates of calcium and magnesium derived directly from the excess of additions, or 
through hydrolysis of the silicates formed where all of the larger part of the 
additions are absorbed by the soil. 

Experimental data on the problem are meager. In 1910, Wheeler (11) 
reported experiments begun in 1894, wherein lime was used alone and in con- 
junction with sodium chloride and with potassium chloride, with results which 
lead to the conclusion: “The results show that liming was of no great value 
on the Kingston soil, as a liberator of potash . , . . ” Between May 13 
and September 30, 1911, Brown and Macintire (1) subjected freshly sampled 
moist borings from the burnt lime plat of tier II of the Pennsylvania Station 
to 17 aqueous extractions. They found an average concentration of potassium 
less than that dissolved from the control, which indicated that after a long 
period of liming the native potash was either decreased in quantity or depressed 
in solubility. Macintire (5) later analyzed composites of all burnt lime and 
limestone plats for residual potash after 30 years of cumulative liming. The 
results obtained by the J. Lawrence Smith method led to the statement that: 
“A decrease in potash was noted in each case of lime treatment, but there was 
no correlation between residual lime and residual potash.” These analyses 
were made upon composite samples from four plats of | acre each. The varia- 
tion in soil type and topography over the experimental area and the inherent 
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error of sampling such large plats militate against absolute dependability 
upon the findings reported. 

Lipman (2) questioned the liberation of potassium by CaCOa in soils as a 
result of his extraction studies with calcium carbonate and calcium sulfate. 
Lyon and Bizzell (3) found no increase in the potassium content of leachings 
from their 4-foot tanks containing Dunkirk soil where a 3,000-pound addition 
of burnt lime was made. But, since the same observation was noted where 
potassium sulfate was added, it appeared that the vitiating influence of the 
subsoil would have masked any inter-change which might have taken place. 
The effect of a 3,000-pound addition of burnt lime to the Volusia soil appeared 
to be actually depressive upon the outgo of potassium salts through the 4-foot 
depth. As stated by these investigators (4), '‘There is nothing in this experi- 
ment to indicate that the apphcation of lime caused the liberation of potassium. 
The same was true of the experiment with the Dunkirk soil. It may be re- 
marked, however, that if the application of lime did liberate any potassium 
from the surface soil, it may have been absorbed by the lower layers of soil and 
thus have been removed from the drainage water. ” 

Macintire (6) reported results of a 5-year lysimeter study with shallow 
tanks containing only surface soil and deep tanks containing both soil and sub- 
soil, seven different calcic and magnesic materials having been added to both 
series. The treatments ranged from 8 to 100 tons of the several materials on 
constant CaO-equivalent basis. It was found that lime and magnesia additions 
not only failed to liberate potassium to the leachings, but that an actual depres- 
sion in potassium outgo resulted. It was recognized that liberation and re- 
absorption was possible, but evidence was advanced to minimize the validity 
of such an assumption. It was concluded that depressive influences of both 
lime and magnesia were due to the fact that H2CO3 was a more active solvent 
than either CaH2 (003)2, or MgH2 (003)2, nnd that the amounts of CaOOs 
and MgCOa carried by the two bicarbonate solutions, respectively, were not in 
sufficient concentration to serve as liberants. 

EXPERIMENTAL 

The results here offered were secured in a 5-year study of the potassium con- 
tent of leachings from a loam treated with high-grade OaO and MgO, both in 
amounts equivalent to an application of 2,000 pounds and 3,750 pounds per 
2,000,000 pounds of soil, and also with limestone and dolomite of 100-mesh 
fineness at the 2,000-pound-equivalent rate. The limestone contained 
94.33 per cent CaCOa and 1.62 per cent MgCOa, while the dolomite contained 
49.96 per cent CaCO^ and 39.11 per cent MgCO,!. In addition, both CaO and 
MgO were added at the 3,750-pound rate, and at the rate of 32 tons in con- 
junction with each of the three sulfur carriers— FeS04, pyrite, and elementary 
sulfur— which were used also alone as controls. Each sulfureous material was 
added in an amount which carried sulfur at the constant rate of 1,000 pounds 
of S per 2,000,1)00 pounds of soil. The 3,750 pound CaO-equivalents of lime 



LIBERATION OF SOIL POTASSIXEil 


219 


and magnesia represented a 2,000-pound addition plus 1,750 pounds to care 
for the immediate acidity of FeSOi and the potential acidity of the pyrite and 
sulfur subsequent to their sulfoficationj or chemical oxidation. The influence 

TABLE 1 


Poiassiunt salts leached from “Cherokee'^ loam during a 5-year period — Irealmenis of limestone 
and dolomite, alone and CaO, and Mg(), with and without additions of FeSO^, pyrite 
and flowers of sulfur 



TEEAXMENT 

POTASSIUM PEE. 2,000,000 LBS. OF SOIL 


CALClC-MAGNESrc 1 

1 


Annual period 


S-year period 




Sul fur constant of 
lbs.per2,000,0OC 
of &Oll 









TAOTC 

NUMBER 

Material 

CaO equivalent , 
per 2,000.000 
Ite. of soil 

First 

Second 

-a 

H 

Fourth 


Average annual 

o 

H 

Increase or de- 
crease over 
no -treatment 

control 





lbs. 

lbs. 

lbs. 

lbs. 

lbs. 

lbs. 


lbs. 

50 

51 

None 

Limestone 

None 

2,000 lbs. 


11.8 

8 4 

12.7 

7.0 

6.2 

9.2 

46.1 


None 

9.0 

7.0 

9.0 

9.5 

7.8 

8.5 

42.3 

-3.8 

52 

Dolomite 

2,000 lbs. 

None 

7.4 

5.5 

9.6 

8.5 

4.1 

7.0 

35.1 

-11.0 

53 

CaO 

2,000 lbs. 

None 

9.2 

6.7 

10.2 

11.2 

4.7 

8.4 

42.0 

-4.1 

54 

CaO 

3,750 lbs. 

None 

5.6 

6.8 

11.6 

7.5 

4.1 

7.1 

35.6 

-10.5 

55 

MgO 

2,000 lbs. 

None 

7.7 

6.1 

8.5 

5.1 

4.4 

6.4 

31.8 

-14.3 

56 

MgO 

3,750 lbs. 

None 

8.5 

6.3 

9.8 

8.9 

4.2 

7.7 

37.7 

-8.4 

57 

None 

None 

FeSOi 

14.8 

10.2 

9.6 

12.2 

6.6 

10.7 

53.4 

7.3 

58 

CaO 

3,750 lbs. 

FeSO* 

6.0 

7.3 

10.2 

7.7 

4.5 

7.1!35.7 

-10.4 

59 

MgO 

3,750 lbs. 

FeSOi 

5. .3 

5.7 

15.4 

8.3 

3.3 

7.6'|38.0 

-8.1 

60 

CaO 

32 tons 

FeSOi 

5.4 

5.3 

14.6 

5.5 

4.9 

7.1'35.7 

-10.4 

61 

ilgO 

32 tons 

FeSO* 

10.3 

4.4 

6.9 

4.2 

2.3 

5.6^8.! 

1 

-18.0 

62 

None 

None 

P>Tite 

11.6 

10.6 

,11.3 

10.8 

6.6 

1 

;10.2 

^50. 9 

4.8 

63 

CaO 

3,750 lbs. 

Pyrite 

6.5 

10.8 

8.1 

7.5 

5.2 

7.6,38.1 

-8.0 

64 

MgO 

3,750 lbs. 

Pyrite 

8.7 

6.0 

1 9.5 

3.5 

2.5 

6.0:30.2 

-15.9 

65 

CaO 

32 tons 

Pyrite 

6.4 

: 7.0 

1 9.6 

: 8.S 

i 5.1 

7. 4-36. 9 

-9.2 

66 

MgO 

32 tons 

Pj'rite 

8.2 

: 4.6 

, 7.6 

, 4.5 

i 2.4 

5.5 27.3 

j 

-18.8 

67 

None 

None 

Sulfur 

15.1 

11.1 

.14.7 

9.4 

5.5 

11.155.6 

, 9.5 

68 

CaO 

3,750 lbs. 

Sulfur 

6.t 

>10./ 

'10.4 

8.9; 5.^ 

►1 8.4'41.8 

; -4.3 

69 

MgO 

3,750 lbs. 

Sulfur 

12.7! 7.71 S.t 

7.6: 3.. 

o 

oo 

. -6.0 

70 

CaO 

32 tons 

Sulfur 

8.4| 6.5| 7.7:11.0 6.0: 7.939.6 

i -6.5 

71 

MgO 

32 tons 

Sulfur 

8.0 3.5 7.4 3.6 2. 3' 5.024.S 

1 1 1 i i i. 

Ij -21.3 


of CaO and MgO upon the chemical and bacterial oxidative processes respon- 
sible for the formation of sulfates is reported in another contribution (8) now 
in the hands of the printer. 
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All treatments were mixed uniformly throughout the mass of soil. The soil 
used was secured from a near-by source and was protected to prevent drying 
after mixing and screening, and during the overnight determination of moisture. 
The soils were mixed and placed in 1/20,000-acre galvanized “ingot” iron, 
asphaltum-coated tanks, August 3, 1917, since which time they have been 
subjected to prevailing weather conditions. Each tank contains a sand filter- 
bed, from which runs a block-tin tube drainage outlet. This outlet passes 
through a reinforced concrete retaining wall and leads into the asphaltum- 
coated galvanized iron receptacles (6). As made necessary by distribution 
of rainfall, the leachings are collected, conveyed to the laboratory and after 
certain analyses on the separates are retained as aliquot-composites, acidified 
with HCl. At the end of each annual period the composites are analyzed 
for potassium by the colorimetric method of Schreiner and Failyer (9). The 
annual and total outgo of potassium from each of the 22 tanks for the years 
1917 to 1922 are given in table 1. 

DISCUSSION OF RESULTS 

The amounts of potassium removed from the soil by leachings from natural 
rainfall were small Nevertheless, certain consistent differences are shown. 
The results will be considered, however, on the basis of the total loss, with the 
detail of the annual losses left to the inspection of the interested student. 
However, the entire amount of leached potassium salts may not have been 
derived from the soil. Some potassium sulfate is precipitated in the rain- 
water at this point, as has been shown by Alaclntire, Shaw and Young (7); 
but, this increment is a constant and will be considered as though native to the 
soil 

The total losses from both limestone and dolomite were less than the outgo 
from the control The same was true also of the burnt lime and magnesia at 
both 2,000-pound and 3,750-pound rates. The two magnesia treatments show 
an average depression greater than that of the two lime additions. This is in 
harmony with previous findings (6) secured by the use of another soil 

The FeS04 group shows a decrease in outgo where the four lime and magnesia 
additions were made and an increase where FeS04 was added without a basic 
supplement. The augmented outgo of calcium and magnesium sulfates from 
the FeS04 acid-soil control and the absence of any FeSO* in the leachings 
demonstrated that the sulfate treatment was practically the same, primarily, 
as an equivalent treatment of sulfuric acid and, secondarily, as an equivalent 
of a mixture of CaS04 and MgS04. Such a treatment would be expected to 
effect the liberation of potassic salts. But, if the leached potassium may be 
taken as a quantitative measure of the liberation effected, the 1,000 pound 
sulfate-sulfur addition, equivalent to 3,747 pounds of CaS04, has liberated only 
7.3 pounds of potassium, or a replacement ratio of 1:0.00195, as representing 
the fuU effect over the 5-year period. However, only 934.6 pounds of sulfate 
sulfur, or 719.9 pounds in excess of that in the rainfall, has been recovered 
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during the full 5-year period, 534.3 pounds having been leached during the 
first year. Practically the full recovery of the sulfate radical was obtained dur- 
ing the first year, where the heavy MgO supplement was incorporated and 
recoveries of 82.9 per cent and 92.4 per cent were obtained from the 3,750- 
pound CaO and MgO additions, respectively. Thus it appears that the liber- 
ative action of the calcium and magnesium sulfates evidenced in the FeSOi 
acid soil control was either prevented or repressed by a secondary action of 
the added excess of the two alkali-earths. In other words, the more concen- 
trated solutions of soil-derived sulfates with a minimum of calcium and magne- 
sium bicarbonates gave an increased outgo of potassium salts; but, solutions 
of even greater concentration of calcium and magnesium sulfates with an in- 
crease in respective bicarbonates proved depressive to potassium outgo. As 
applied to two of our residual soils, this constitutes cumulative evidence to 
the effect that the bicarbonates of calcium and magnesium are depressive rather 
than inactive in their influence upon the outgo of potassium. It may be that the 
two alkali-earths are responsible for the formation of hydrated oxides of iron, 
and possibly of aluminum, and that through adsorption these two products, 
retard the potassium outgo in the free soil- water leachings. 

In another contribution now in print (8), we have shown that the oxidation of 
pyrite, as evidenced by sulfate outgo, was more rapid in the control than in the 
four tanks to which lime or magnesia was added. The pyrite treatment there- 
fore represents a progressive ferrous sulfate addition. In like manner, in corre- 
sponding restricted measure, the four CaO and MgO additions with pyrite 
represent treatments of CaS 04 and MgS 04 , respectively, with the bicarbonates 
in larger quantities, and these show a distinct retardative effect upon potassium 
outgo. In this series, as was true also of the FeS04, and elementary sulfur 
group, the heavy MgO treatment proved the most depressive of the five 
conditions. 

In the contribution above mentioned, it is shown that the sulfate outgo from 
the unsupplemented addition of sulfur was almost as rapid as that from the 
FeS 04 control and it is therefore not surprising to find that the increase in 
potassium outgo from the sulfur alone was as great as that from the added 
sulfate. As differing from the pyrite group, however, the light lime and both 
light and heavy magnesia additions accelerated the generation and outgo of 
sulfates from the additions of sulfur. Nevertheless, in spite of the more rapid 
and greater ultimate outgo of calcium and magnesium sulfates from the speci- 
fied treatments of this series, the excess of bicarbonates again proved to be 
depressive to the sulfate outgo, as was the case in the FeS04 parallel. 

These findings, as a whole, demonstrate that calcic and magnesic oxides 
are depressive to potassium outgo when the two materials are used in economic 
and practical amounts, as well as in excess, and that the same proves true of 
100-mesh limestone and dolomite in chemical equivalence and at the rate 
ordinarily used. The results do not prove, however, that the alkali-earth 
treatments would serve as deterrents to the assimilation of potassium by 
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plants of such extensive root development as the clovers. For, the basic 
treatments activate the flora which generate nitrates and sulfates and the 
enhanced supplies of these nutrients and the development of a favorable soil 
reaction would so stimulate the young plants as to cause a spread of their root 
growth, thus increasing their ability to forage for the needed potassium. 

Calcium and magnesium losses are not given. It was found, however, that 
soil-derived calcium and magnesium sulfates appeared coincidently with in- 
creases in potassium leachings from the unlimed tanks. It is not proved that 
this result is due to the liberation of potassium through basic interchange. 



Fig. 1. Increase or Decrease in 5-Year Potassium Outgo as Caused by Calcic and 
Magnesic Treatments of Chemical Equi\'Alence 

Variation from base line shows pounds of potassium per 2,000,000 pounds of soil. 


But, assuming that the small increases in potassium outgo from the non-basic 
treatments were due to basic interchange, and that there was no extensive 
readsorption by the soil, the increase in soluble potassium would represent only 
a fraction of the amount which would ordinarily be applied as a fertilizer. 

SUMMARY 

A study of the leaching of potassium from a 23-unit lysimeter equipment 
during a 5-year period is reported in this paper. The influence of calcic and 
magnesic materials upon the liberation of potassium from the soil was deter- 


aptmoj 
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mined by additions of limestone, dolomite, CaO and MgO in chemical equiva- 
lence, at the rate of 2,000 pounds of CaO per 2,000,000 pounds of soil. Both 
CaO and MgO were used also at an equivalent rate of 3,750 pounds. Five 
treatments each of FeSO*, pyrite, and elementary sulfur also were used, four 
of each set receiving supplements of lime or magnesia each at two rates. 

The results show that every form and rate of calcic and magnesic treatment, 
alone and in conjunction with suKates, was depressive to the outgo of potassium 
Increases over the control were obtained in the three cases of sulfur carriers 
when unsupplemented by either alkali-earth, but such increases were found to 
represent only a minute fraction of the theoretical liberation to be accredited 
to the amounts of calcium and magnesium sulfates derived from the suKureous 
treatments. 
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INTRODUCTION 

The absorption of ions from the soil solution and their functions in the plant 
must always be regarded as among the most important problems of soil and 
plant interrelations. It is not sufficient to study only the soil and its dissolved 
components; the plant must likewise receive consideration, if we are to under- 
stand the whole chemical system involved in plant growth. It is essential to 
such an understanding to learn something of the processes by which ions are 
absorbed from culture media. To what extent does one ion influence the ab- 
sorption of another ion? How is absorption affected by the reaction and by 
the concentration of the solution? What is the relation between the intake 
of solutes and of water? These questions illustrate the nature of the discus- 
sion upon which we are now entering. 

Considerable attention has previously been given in this laboratory to the 
question of the absorption of inorganic solutes by plants at different stages 
of growth. The methods of soil, sand and solution cultures have all been 
employed at various times. These experiments have been continued under 
simplified conditions for the purpose of obtaining data bearing more directly 
on the relative absorption of different ions, and on related questions. 

The course of absorption must generally be followed with the aid of chemical 
analysis applied either to the culture solution or to the plant tissues, and the 
data so obtained do not necessarily represent degrees of cell permeability, as has 
been pointed out by Osterhout (12) and by Brooks (1). The determination 
by chemical methods of the intake of ions by higher plants, it will readily be 
granted, does not always offer the most favorable means of approach to 
the study of the chemistry of the plant cell. It appears essential, never- 
theless, to carry out such investigations from the point of ^^ew of the rela- 
tions existing between a plant and its culture medium. Othenvise we have 
no basis for the interpretation of many experiments bearing on important 
problems of plant nutrition. Meanwhile, it is confidently to be expected that 
researches of the type recently reported by Loeb (10), Osterhout (14), and other 
physiologists, will eventually enable us to overcome some of the difficulues 
now constantly confronting the investigator of plant metabolism. 

^ The writer desires to acknowledge the invaluable assistance of Mr. J. C. Martin, Instruc- 
tor in Plant Nutrition, in connection with a portion of the analytical work. 
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A considerable number of experiments dealing with the absorption of essen- 
tial and non-essential elements by plants have been described, among which may 
be noted those of Pantanelli (15), Waynick (20), and recently, of Redfern (16). 
The general literature has been discussed by these investigators and no attempt 
will be made in this article to review the many citations. It does not appear, 
however, that the investigations so far reported have been definitely planned 
to answer certain questions the discussion of which forms the main purpose of 
the present paper. In many of the previous investigations, the analytical 
control was incomplete, and the number of plants used too small. The impor- 
tance of hydrogen-ion concentration was, of course, not known to the earlier 
workers. 

Before discussing the data pertaining to the removal of ions from solution, 
it is desirable to make a statement dealing with the changes of hydrogen -ion 
concentration produced by the growth of plants. It was shown in earlier work 
that complete culture solutions containing nitrate tended to have their reaction 
changed in the direction of the neutral point. Under the experimental condi- 
tions then adopted, it was also observed that no considerable increase of acidity 
occurred when plants were grown in single salt solutions. Later and more 
extensive experiments have shown that the growth of barley and pea seedlings 
may produce in the solutions of certain salts, e.g., K2SO4 and (NH 4 ) 2 S 04 , 
an intensity of acidity which may be accompanied by injury to the plant, after 
sufficient lapse of time. This phase of the work is discussed in another article 
in more detail, but the pH values of the solutions used in these experiments are 
included in a number of the tables. 

The object of the first series of experiments was to determine the effect of a 
positively charged ion on the absoiption of an ion of opposite charge, and vice 
versa. Numerous series of solutions were used, in some cases keeping the 
cation the same and in others the anion. Equivalent concentrations of salts 
ww chosen so that in each set of cultures, the common ion would be present 
in the same concentration in all the solutions. The magnitudes of the total 
concentrations were similar to those found in ordinary culture solutions and in 
soil solutions. 


EXPERIMENTAL TECHNIQUE 

In each experiment the plants were first grown during a preliminary period in a complete 
culture solution and then the entire group of cultures was divided into uniform sets of either 
49 or 9$ plants. The tumblers which were used as culture vessels had a capacity of 120 cc. 
and seven plants were placed in each tumbler. Before transferring the plants to the new 
solutions, the roots were thoroughly rinsed with distilled water. The periods over which 
the absorption of ions was measured were, in most cases, limited to 2 or 3 days. At the end 
of these periods, the plants were removed and the residual solutions were analyzed. The 
tops of the plants from each set of cultures were weighed green, and in some instances the 
dry weights of tops and of roots also were recorded . Barley, of the Beldi variety, or Four Thou- 
sand, was used in all experiments. The time allowed for absorption from the special solu- 
tions was made brief, since if plants are grown for longer periods in different solutions, pro- 
nounced variations in their size and stage of development may occur and these variations 
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may complicate any interpretation of the results. It is obvious, also, that single salts or 
simple mixtures of salts cannot serve for extended periods of growth. Our intention was 
to attempt a comparison of the relative absorption of ions from different solutions by plant 
systems as nearly alike as possible. 

In the majority of the experiments, distilled water was added to the cultures at intervals 
go as to maintain the volumes of solution approximately constant; in other experiments, no 
water was added to make up for loss by transpiration, and the solutions were analyzed 
without dilution. This technique was adopted when it was desired to compare the relative 
absorption of water and of ions. 

Care was taken to prevent the creeping of solution up to the cotton which held the plants 
in place in the cork. By the time the plants were ready for study, the stems usually almost 
completely filled the holes in the corks, so that the cotton could be removed, otherwise new 
pieces of cotton were inserted and kept dry. 

The plants were grown on a balcony with full exposure to sunlight, at different seasons 
of the year. The preliminary periods referred to above were generally about three weeks 
in length, but varied according to weather conditions. The complete culture solution in 
which the plants were started was similar to that used for many years in this laboratory 
and which has been found to permit of excellent development of many types of plants. Or- 
dinarily, only two portions of this solution were supplied, since it was the intention to pre- 
vent, as far as possible, any excess absorption of ions during the first period. In all cases, 
the plants had a very thrifty appearance, and possessed excellent root systems. 

The amounts of ions removed from the solutions were determined by chemical analysis 
rather than by conductivity measurements. While the latter method is far less laborious, 
and has yielded results of interest in the hands of True and Bartlett (19) it is obviously not 
capable of a definite interpretation, in terms of individual ions or chemical elements which 
is one of the most interesting aspects of the question. The analytical methods were those 
long employed in this laboratory for the examination of soil extracts and culture solutions. 
Complete analyses of many of the solutions made it possible to take into consideration, not 
only the ions originally present, but those given off by the plant roots, whether as a result 
of leaching from dead cells, or of exchange of ions in the cell wall or protoplasm. Complete 
analyses also possess the advantage that equivalents of positive and negative ions may be 
balanced and the accuracy of the work checked. While such complete analytical data were 
obtained in many experiments, in order to conserve space, only the most significant figures 
are given here. All the values have been calculated in terras of milli-equivalents (reaction 
values). 

Whenever a complete analysis was made and the positive and negative ions values com- 
pared, it was found that the agreement was within the limits of error generally recognized 
as permissible in the analysis of solutions of this type. 

The comparatively large number of plants used lessened any errors of variability. No 
importance is attached to any but very considerable differences in the quantities of ions 
absorbed. Frequently duplicate experiments were made and the results agreed in all in- 
stances within limits of much smaller magnitude than those considered as significant for our 
present purposes. Since determinations of the absorption of ions by individual plants in 
the large number experimented with could not be made, the data for absorption are, of course, 
not amenable to statistical treatment. In tw’o typical e.xperiments the dry weights of in- 
dividual cultures (each made up of 7 plants) w^cre obtained and the probable error of the 
mean calculated. This was found to be about 6 per cent, which is similar to the values found 
by Davis (4) for various sets of wheat plants grown in dilTerent culture solutions, .\ssum- 
ing that the variability in absorption of ions by individual plants is of the same order of 
magnitude as that of dry w-cights, the differences considered significant in the present paper 
are greater than those assignable to variability. For these various reasons, it is justifiable 
to believe that the factor of variability does not enter into tlie conclusions which are drawm. 
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With regard to the possible toxicity of single salt solutions, it may be noted that the plants 
showed no evidence of injury, and this would scarcely be expected, considering the brief 
duration of the contact between the plants and the solutions, and the low concentration of 
the latter. Moreover, after barley plants have been growing in a complete culture solution 
for some time, they may later continue to gro^v in single salt solutions for considerable periods 
without injury. Injurious hydrogen -ion concentrations were not developed under the 
experimental conditions. 

ABSORPTION OF POTASSIUM FROM DIFFERENT SALTS 

Turning now to a consideration of the data presented in table 1, we fmd 
marked variations in the amounts of potassium absorbed which are dependent 
upon the anion in equilibrium ^\dth the potassium ion. The greatest absorption 
occurred from the solution of potassium nitrate, the least absorption from the 
solution of potassium sulfate. Potassium was absorbed to a decidedly greater 
extent from the chloride than from the sulfate solution. In this experiment 
potassium and chlorine ions were absorbed in practically equivalent quantities. 
No such equivalence of absorption was found with the other salts. Potassium 
ions were removed from solution in greater equivalent quantity than sulfate, 
phosphate, or bicarbonate ions, while the absorption of nitrate ions was nearly 
double that of potassium ions, the former being replaced in the solution by 
bicarbonate ions. In the case of potassium sulfate, the solution became 
slightly more acid, and also calcium and other ions, derived from the roots, 
replaced potassium to a certain extent. 

ABSORPTION OF CALCIUM AND MAGNESIUM FROM DIFFERENT SALTS 

The experiments carried out with calcium salts (table 2) gave evidence of 
approximately equivalent absorption of cations and of anions from solutions of 
either calcium sulfate or calcium phosphate. From the chloride and nitrate 
solutions, the anion was removed in significantly larger quantity than the 
cation. The equivalents of nitrate removed were about six times those of 
calcium. It is very interesting to observe that chlorine ions, as well as nitrate 
ions could be replaced in the solution by bicarbonate ions. 

Two salts of magnesium were studied, nitrate and sulfate (table 3). The 
nitrate was absorbed in greater equivalent amounts than magnesium, while 
sulfate was removed from solution to a lesser extent than magnesium. In each 
case, there was a tendency for the hydrogen-ion concentration to decrease. The 
magnesium nitrate solution became almost neutral. 

ABSORPTION OF NITRATE FROM DIFFERENT SALTS 

In another series of cultures, four different nitrate solutions of the same 
concentration of NO 3 were compared (table 4 ). In every case, NO 3 ions were 
removed to a much greater extent than the respective cations. The reactions 
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of the solutions were changed to approximate neutrality. The disproportion 
between the absorption of anions and cations is greater with calcium and 
magnesium nitrates than with sodium and potassium nitrates. 


TABLE 1 

Absorptions of ions from sohUions of diferenl polassmm sails 


NAME or BALT ^ 

miTUL 

CONCEN- 

IRATJON 

JONS ABSORBED 
BY PLANT 

1 

IONS ENTERING SOLUTION 

1 

AGE OE 
PLANTS 

LENGTH or 
ABSORPTION 
rERIOD 

1C 1 Anion 

Ca 1 Mg 1 HCOa 


aim. 

[ milli ^equivalents 

days 

days 


Experimnt lA 


f 6.60 

1.44 1 


0.50 

0.53 



\ 6.60 

: 1.57 ' 


0.50 

0.49 


‘ 28 

1 6.48 

2.67 

2.40 

0.38 ■ 

0.44 

0.68 


\ 6.48 

2.57 

2.51 

0.47 

0.45 

0.82 



Experiment 2 


K 2 SO 4 

6.32 

0.74 

0.40 

0.32 

0.24 



KCl 

6.32 

1.28 

1.30 

0.24 

0.18 

0.36 


KNOa 

6.45 

1.66 

3.19 

0.19 

0.21 

1.89 

► 25 

KH 2 PO 4 

6.32 

0.90 

0.14 

0.28 i 

0.21 : 



KHCOj 

6.30 

1.20 

0.84 

0.24 ^ 

0.20 ' 

i 



NAME OF SALT 

1 

INITIAL 

CONCEN- 

TRATION 

K ION 
ABSORBED 
BY PL.ANT 

RE.ACTION 

H 2 O ^ 
ABSORBED 

AGE OF 

PLANTS 

i LENGmOF 
ABSORPTION 
PER OD 

Initial 

Final 


atm. 

milH- 

equivalents 

pH 

pH 

CC. 

days 

days 


Experiment 3 


KCl and CaCOs sus- 

pension 

6.22 

1.74 j 

6.3 

6.3 

1 i 

550 t 

1 35 ' 

i 

1 

K 2 S 04 and CaCOs sus- 
pension 

1 6.22 

j 1.12 


1 5.8 

1 540 


1 

1 

r 


Experiment 4 


KCl and CaCOj sus- j 

1 


i 

1 



1 


pension 

6.20 

0.91 

6.9 

6.8 

610 

i 19 ' 

1 

1 

KjS 04 and CaCOj sus- 



pension 

6.22 

-0.02 

6.9 

6.8 i 

670 

j 

1 

1 



' 


1 
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TABLE 2 


Ahorpiion of ions from soli4ions of different calcium sails 


NAME OF SALT 

INITIAL 
CONCEN- i 
laATION 

IONS 

OBSEKVED 
BY PLANT i 

1 

IONS ENTERING ’ 
SOLUTION 

REAC- 

TION 

1 

H*0 

ABSORBED 

AGE OP 
PLANTS 

LENGTH OP 
ABSORPTION 
PERIOD 

Ca 

Anioti 

i W ^ 

M a 

Initial 



atm. 

milli-equhaleTtts | 



CC. 

days 

days 


Experiment 1 



CaCIz 

12.50 

1.50 

2.37 

0.02 

■0.28' 

1.12 

5.8 

1 

6.6 

625 

1 


Ca{NO,), 

12.70 

1.66 

5.48 

0,09 

0,20 

4.12 

5.6 

7.0 

510 



Ca{HiPO.), 

12.30 

1.03 

0.95 

0.20 

0.27 


4.2 

|4.2 

590 

21 

z 

CaSO< 

12.30 j 

0.88 

0.83 

0.09 

o 

o 

0.32 


6.6' 

715 




Experiment 3 



4.59 ' 

0.00'0.0ojo.04!o lolo 47|6 6|6 0 

510 

1 


Ca(N 03 )j ' 

4.89 

0 .60 3 .41 0 .OSp .07 3 .OSp .o|7 ,0' 

470 

18 

4 


) 



CaClj. 

CaCU. 


Experiment 4 


12.30 

2.403.19 



1.10 


6.8 

710 

18 

61.70 1 

5.70 7.24 

1 i 


1.30 


6.8 

440 


4 


TABLE S 


Absorption of ions from solutions of different magnesium salts* 


NAME OF SALT 

! 

INITIAL 

CONCEN- 

TRATION 

IONS ABSORBED 
BY PIANT 

IONS ENTERING SOLUTION 

REACTION 

HjO 

ABSORBED 

Mg : 

j Anion 

1 Ca j K ' 

1 HCO* 

Initial 

Final 

j 

a/m. 


mllli-^quhalents 


pit 1 

pH 1 

CC. 

Mg(NOi)j ^ 

21.1 

4.75 ' 

! 5.40 : 

i 0.70 1 0.03 ! 

1 2.48 

5.0 

6.7 

130 

MgSO* 

20,7 

1.82 

1.17 

0.60 j 0.06 

0.08 

5.0 1 

5.3 

135 


* Age of plants was 23 days. Length of absorption period was 2 days. 
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absorption OF POTASSIUM AND SODIUM FROM THE CHLORIDES AND SULFATES 

The significant difference between the chloride and sulfate solutions in the 
amount of potassium removed seemed to be of sufficient interest to merit addi- 
tional experimentation. In two experiments, the procedure was varied by 
adding a small quantity of calcium carbonate in suspension to the solutions of 
potassium salts (table 1 , exp. 3 and 4) . This prevented the increase of hydrogen- 
ion concentration consequent upon the more rapid absorption of potassium than 
sulfate. An appreciable concentration of calcium was also maintained in these 
solutions. The same result was obtained as before, that is, the potassium was 
absorbed from the chloride solution to a significantly greater extent than from 
the sulfate solution. 

TABLE 4 

Absorption oj ions from solutions of different nitrate salts* 


(All values calculated in terms of milli-equivalents) 


NAME OF SALT 


INITUL 

CONCEN- 

TRATION 

IONS 

ABSORBED 
BY PLANTS 

IONS ENTERING 
SOLUTION 

REACTION 

o 

12; 

Cation 



HCOi 

Initial 

Final 

atm, 

3,96 

3.90 

3.98 

4.14 

1,64 

2,58 

2.33 

2,06 

OAi 

1.03 

0.39 

1.55 

illi-eq 

0.17 

0.20 

0.39 

iivdents 

0.26 

0.28 0.24 
|0.37 
0.24 0.28 

1.60 

1.76 

2.18 

1.48 

pa 

6.8 

6.0 

5.4 

6.6 

pH 

7.2 

7.2 

7.2 

7.0 


TTiO 

ABSORBED 


CafNOj),, 
KNOa. . . 

Mg(NOd' 
NaNOi. . , 


370 

430 

435 

410 


* Age of plants was 19 days. Length of absorption period was 2 days. 


Other experiments were made in which sodium salts were used, instead of 
potassium salts (tables 5 and 6). Here, also, the removal of cations from the 
suKate solution was definitely smaller than from either the chloride or the bicar- 
bonate solutions. In one experiment, sodium chloride and suKate w^cre mixed 
in equivalent quantities and the absorption of ions determined. The quantity 
of sodium removed was approximately the same as in the case of the chloride 
solution alone, but the removal of sulfate was apparently depressed by the 
presence of chlorine ions, since the percentage of sulfate removed was decreased 
and that of chlorine increased. 

Referring to the solutions of sodium salts, sodium and chlorine were absorbed 
in practically equivalent quantities, but a greater number of equivalents of 
sodium than of sulfate were removed (a similar relation was observed between 
potassium salts). This discrepancy between the absorption of cations and 
anions is accounted for only partially by the change of reaction in the solution, 
but a somewhat greater displacement of calcium and potassium from the root 
tissues occurred in case of the sulfate. 
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TABLE 5 


Absorption of ions from solittions of different sodium sa-Us* 


NAME OF SAIT 

INITIAL 

CONCEN- 

TRATION 


aim. 

j 

10.70 

NaCl 1 

10.70 

/ 

10.87 

NaaSO^ 1 

10.87 

f 

11.48 

NallCOj 1 

11.48 


IONS 

ABSORBED 
BV PLANT 


10KS ENTERING 

soli;tion 



milli-equivalenh 

2.78|2.75i0.30:0.13|0.250.75 

3,l7|3.12!o.27jo,060,250.62 

1. 78^0.99:0.400. 24]o. 29 
1.82 1,01 0. 37'0.27j0. 25 

2. nil, 8o|o. 13 0. 130. 16 
2,00|1.80j0.03|0.13|0.16 


REACTION 

H.0 



ABSORBED 

‘5 

*3 


‘a 

s 


PH \ 

pll ' 

cc. 

6.2 ! 

6.4 1 

670 

6.2 

6.4 1 

720 

5.0 

4.2 

660 

5.0 

4.0 

730 

7.9 

I 7.8 

680 

7.9 

7.8 

690 


* Age of plants was 1 7 days. Length of absorption period was 2 days. 


TABLE 6 


Absorption of ions from solutions of different sodium salts 



ABSORPTION OF CHLORINE FROM DIFFERENT SALTS 

One series of experiments was planned to determine the absorption of chlorine 
ions, when these were associated with different cations, calcium, sodium potas- 
Slum and magnesium (table 7). No notable difference was observed, although 
the greatest quantity of chlorine was removed from the potassium chloride 
solution. The equivalents of potassium and of chlorine removed were similar, 
but the equivalents of chlorine absorbed were significantly greater than those of 
calcium or magnesium. Bicarbonate ions formed in the solution maintained the 
equilibrium between positive and negative ions. 
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TABLE 7 

Absorption of ions from solutions of different chloride salts* 


name op salt 

lOTTUL 

CONCEK' 

laATION 

IONS ABSORBED 
Bv rrjLNT 

IONS ENTERING SOLUTION | 

ILO 

ADSORfiED 

Cl [ 

Calio-i j 

Ca 1 

Mg 

^ 1 

HCOi 



atm. 



milli-€qmvalenti 



CC. 

KCl 


6.32 

1.97 

2.05 1 

0.60 

0.20 


0.64 

560 

MgCU 

/ 

6.22 

1.83 

1.33 ■ 

0.60 


i 0.16 

1.16 

i 550 

\ 

6.22 

1.72 

1.22 * 

0.75 


0.16 

1.12 

595 

CaCla 

1 

6.37 ! 

1,69 

1 

0.80 


0.18 

0.22 

1.20 ' 

600 

l 

6.37 

1.58 ' 

0.60 


0.16 

0.13 

1.20 

555 

NaCl 

/ 

6.32 

1.64 

1.97 

0.60 

0.16 

0.31 

0.72 

575 

l 

6.32 

1.52 

1.89 

0.75 

0.26 

0.23 

0.76 

555 


* Age of plants was 28 days. Length of absoq)tion period was 2 days. 


ABSORPTION FROM PHOSPHATE SOLUTIONS 

In a test of several phosphate solutions of similar concentrations of phosphate, 
equivalent absorption of anions and cations did not occur, calcium and magne- 
sium being removed in smaller quantity than phosphate, and potassium in 
greater quantity (table 8). The amounts of phosphate removed from the 
different solutions were nearly the same, but the absorption was not sufficiently 
greatinthis series to warrant any exact comparisons. The decrease of hydrogen- 
ion concentration in the potassium phosphate solution was e\ddently caused by 
small amounts of bicarbonates derived from the roots. 


TABLE 8 

Absorption of ions from solutions of different phosphate salts* 


NAME OF SALT 

INITUL 
CONCEN- 
1 TRATION 

IONS ABSORBED 
BY PLANT 

IONS ENTERING SOLUTION 

RF..ACT10N 

H 5 O 

ABSORBED 

^ POt 1 

Cation j 

' K 1 

Mg 1 Ca 1 

Initial 

, I'inal j 


aim. 


miiii-cjuiwiicnL 

pB 

pH 

CC. 

Ca(H2P04)2 ! 

2.67 ^ 

0.45 

0.25 ! 

0,22 

0.12 i i 

3.7 

5.6 ' 

395 

KH 2 PO 1 

2.73 

0.43 

0.62 


, 0.22 ! 0.37 

4,7 

5,3 

455 

Mg(H,POili 

2.71 

0.44 1 

0.17 

0.20 

0,47 

4.0 

5.4 

385 

NaHsPO* 

2.81 

0.42 


0.41 

0.24 1 0.32 

4.7 

5.4 

475 


* Age of plants was 19 days. Length of absorption period was 2 days. 


FURTHER STUDIES OF CALCIUM ABSORPTION 

Additional studies were then made Mith calcium cifforide, sulfate and nitrate. 
The results are given in table 2, experiments 3 and 4. The general results of 
the previous experiment were confirmed. In this instance, no determinable 
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absorption of sulfate occurred from the calcium sulfate solution, which was 
of lower concentration than before. Since calcium ions are apparently removed 
very slowly when in equilibrium with sulfate ions, it was decided to determine 
what would occur when nitrate ions were added (as potassium nitrate) to a 
solution of calcium sulfate. This addition of nitrate caused an increased 
absorption of calcium. While the total quantities involved were small, the 
difference noted was considerably beyond the limits of analytical error. 

GENERAL CONSIDERATIONS 

All of the results of the experiments which have just been under considera- 
tion are consistent in showing that one ion can exert a definite influence on the 
absorption of another ion of opposite charge. It also appears that calcium, sul- 
fate, and possibly magnesium ions are less readily removed from solution by 
barley plants than chlorine, potassium and nitrate ions. These same relations 
are found when plants are grown for long periods in culture solutions, such as 
those used by the writer. Under these conditions, calcium, magnesium and 
sulfate may be left in the solution in considerable quantity at the end of the 
period of growth, when all or nearly all of the nitrate, phosphate and potassium 
have been removed. In certain other experiments, not now reported, with 
Shive’s solution, as well as that used by the writer, there was evidence that when 
solutions were changed at weekly intervals, no absorption of calcium, magne- 
sium, or sulfate took place during certain periods, although potassium and 
nitrate were absorbed in appreciable amounts at all periods. 

Some of the interrelations of cations in the processes of absorption have been 
considered in another paper (7), but one of the conclusions should be stated 
here. It was discovered that an effective concentration of sodium (0.1 M to 
0.3 M) decreased the rate of absorption of calcium, magnesium and potassium. 
In the same way, potassium can influence the absorption of calcium. These 
facts illustrate the necessity for considering the possible inhibiting effect of one 
cation on anotlier, at least within certain concentrations, A number of experi- 
ments bearing on this point are summarized in table 9. These data show quite 
definitely that sodium and potassium ions may be absorbed in appreciable 
quantities at the same time that calcium leaves the plants roots, so as to increase 
the concentration of this element in the solution. If the concentration of 
calcium is sufficiently high, however, absorption rather than excretion may take 
place. These experiments, supported by others reported elsewhere, clearly 
suggest that sodium and potassium ions may exert a depressing effect on the 
absorption of calcium ions. 

The experiments so far under consideration were made with plants which 
were first grown in a complete culture solution and then transferred to single 
salt solutions. A number of other experiments were carried out in which the 
seedlings were placed in the solution to be studied immediately after germina- 
tion. The data obtained by this procedure (table 10) show that the relative 
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rates of absorption of the different ions were very similar to those observed in 
the previous experiments. 

The preceding statements bring up the question of the total capacity of a 
plant to remove ions from solution during a given period. To what extent is 
the absorption affected by the amounts of the ions already taken up by the 


TABLE 9 

Effect of sodium and potassium salts on absorption of calcium 


] 

NAME OF SALT 

INITIAL CONCENTRATION 

Ca 1 

ABSORBED ' 
OR 

EXCRETED 

Na 

ABSORBED 

AGE OF 
PLANTS 

LENGTH OF 
ABSORPTION 
PERIOD 

Ca ' 

Na or K 


atm. 

atm. 

j milli -equivalents 

days 

days 


Experiment 1 


CaCla 

CaCU-NaCl 

CaCh-NaCl 

4,90 

4.60 

4.60 

43.0 

43.0 

1.00 

-0,10 

-0.45 

4.82 

4.74 

1 25 

1 

Experiment 2 

CaClrNaCI 

4.59 

43.1 

0.60 

5,50 

21 

3 

Experiment 3 

CaCh-NaCl 


34.8 

-0.55 




CaCh-NaCl 

3.40 

34.8 

0 




CaCb-NaCl 

6.30 

34.8 

0.70 


21 

2 

CaCh-NaCl 

13.00 

34.8 

0.80 




CaClrNaCI 

25.40 

34.8 

1.60 





Experiment 4 


CaClj-NaCl 

0.85 

0.87 

-0.45 

0.43 


CaCla-NaCl 

4.20 

4.3,S 

-0.15 

0.96 

\ 25 

CaCla-NaCl 

9.20 j 

9.50 ' 

0.50 

1.22 

CaClrNaCI 

1 

16.80 

17.40 

0.80 

1 .65 







Experiment 5 


CaCIrKCl 

0,04 1 

0.66 

-0.75 

0.47 



CaClrKCl 1 

0.15 

2.64 

-0.22 

0.99 

i 26 


CaClrKCI ' 

I 0.31 

5.30 

i -0.31 

1,45 

2 

CaCVKCl 

I 0.78 

1 13.20 

1 -0.21 

1.97 




* 



plant? The following experiment bears on this point (table 11). A large set 
of barley seedings was started in the usual manner in a complete culture solution 
and after a period of 10 days the solution was changed in the case of one half of 
the plants, while the other half was allowed to remain in the original solution. 
After 8 additional days of growth, all the plants received a change of solution 
and the absorption was then measured over a period of 2 days, according to 
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TABLE 10 

Increase or decrease of concentration of ions in various solutions as a result of absorption hy 
barley plants* 



COMPLETE COLTU)( F SOLUTION ' 

CaCli SOLUTION 

W 

ed 

U 

3 


6 

Pli 

6 

o 

u 

a: 

aopJBas 

cd 

U 

D 

Reaction 




milli-tquivalents 



PE 


pa 

Initial concentration 

2.26 

9.48 

4.85 

10.38 

1.13 

4.98 


4.0 

5.19: 

4.9 

4.9 

Final concentration . 

0.45 

12.18 

6.16 

6.99 

0.63 

6.90 

4.27 

6.8 

3.99 

3.61 

5.2 

Concentration at end 


i 










in percentage of 












original concen- 












centration 

20.0 

129.0 

127.0 

1 

67.0 

56.0 

139.0 



77.0 

73.0 



Initial concentra- 
tion 

Final concentration 
Concentration at 
end in per- 
centage of orig- 
inal concentra- 
tion 


CaSOi SOLUTION 


milU- 

equivalents 


7.08 

5.99 


85.0 


7.07 

5.83| 


32.0 


PB 

5.4 
4.0 (?) 


Ca(NOj)» solution 


KNOl SOLUTION 


milli-equiva- 

Unts 


6.23 

3.79 


61.0 


5.58; 

1.69 


30.0 


pB 


milli-equiva- 

Unis 


4.51 

!o.31 


7.0 


!4.89 

0.10 


2.0 


pa 


KNOi + Ca(NOi)» 

SOLUTION 


milii-equitalents 


2.60 

1.20 


4.47 

0.24 


46.0 


7-08 

I0.19 


5.0 


3.0 


PB 


5.2 

i6.4 


* Plants placed in solutions immediately after germination. Period of absorption 15 days. 
No additional water was added during this period. 


TABLE 11 

Efect of preliminary treatment on absorption of ions during a given period* 



w 

j 

u 


i 

d 

o 

in 

5! 

0 

s 

w 

K ! 

ILEUARES 



miUi-«quivalents 


pa 


Initial concentration 

4.80 

9.1 

4.93 

12.4 

1.28 

4.7 

5.4 


i 

1.77 

14.1 

7.97 

12.1 

1.52 

8.0 

6.8 

1 preliminary portion of 

\ 








culture solution 

Final concentration | 

0.69 

13.6 

7.80 

9.0 

1.43 

7 . 5 ' 

6.8 

2 preliminary portions 









of culture solution 


* No water was added during experimental period. Age of plants was 18 days and length 
of absorption period, 2 days. 
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the plan already described. The plants which had the initial change of solution 
were slightly larger, but smaller amounts of several ions were absorbed by these 
plants than by those receiving but one portion of solution. While these facts 
cannot be interpreted in terms of a definite chemical equihbria between the 
plant cells and the solution, it is plain that the rates at which ions can be 
absorbed may tend to decrease as a plant increases its content of these ions. 
The application of any simple chemical equilibria to these processes is obviously 
of doubtful practicahty. The growth and multipfication of cells makes it 
impossible to subject systems of such complexity to any rigid analysis in this 
regard, at least in the present state of our knowledge. 

EFFECT OF CONCENTRATION ON ABSORPTION 

The next consideration which is logically suggested concerns the effects of 
concentration on the absorption of ions. This is a phase of the inquiry which 
will require long extended investigation. One experiment can be presented now 
which may indicate one or two of the chief points involved. A series of solutions 
of KNO 3 plus Ca(N 03)2 of seven different concentrations was prepared with 
the potassium and calcium prcsentin the same proportion in all solutions. Barley 
plants were transferred to these solutions after two weeks of growth. During 
the brief experimental period, no water was added to the cultures since it was 
desired to ascertain how the solutions would become adjusted when they were 
left undisturbed. The total absorption of water was noted. The results are 
shown in the form of three graphs (fig. 1). In each case, the solid lines 
indicate the actual concentration of the ion in question at the end of the period 
of absorption, and the dotted lines represent the increase of concentration 
which would have occurred if no ions had been removed by the plants. In the 
two lowest concentrations, the solutions have become more dilute with respect to 
nitrate, in the next higher concentration no change has taken place (that is, 
water and nitrate have been absorbed in equal proportion), while in the four 
solutions of highest original concentration, the residual solutions have increased 
in concentration, and the line for residual concentration approaches more 
closely to that for transpiration effect. A very similar condition was found 
in the case of potassium, except that only one solution became diluted. A much 
smaller proportion of calcium than of potassium or nitrate was absorbed and 
the two fines are close together. In one of the lower concentrations, calcium 
left the roots, instead of being absorbed. 

This experiment, as well as others including several reported in an earlier 
paper (5), all lead to the conclusion that a much greater proportion of the total 
quantity of readily absorbable ions present in the solution is removed from solu- 
tions of low concentration. It follows from these statements that a plant 
possesses considerable ability to adjust itself to culture media of different 
concentrations. 
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% Change 
in 

Cone. 



Original Ca Cone. 

(in flilliequivalents) 


Fig. 1. Absorption or Ions from SoLunoNS of KNOa and Ca(N 03 )i of 
Different Concentrations 

Upper dotted line shows concentration which would have been produced by simple evap- 
oration of water equal in amount to transpiration. Lower line indicates actual concentra- 
tion of solution at end of absorjHion period (26 hours). Plants were 19 days old. 
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RELATION OF ABSORPTION OF IONS TO ABSORPTION OF WATER 

The relation of the intake of water to the intake of inorganic solutes has been a 
subject for speculation and experimentation from early times. It has been 
variously stated that the absorption of essential elements is entirely dependent 
on transpiration and that it is independent of the latter process. Careful 
quantitative experiments seem to be lacking in most cases. In a recent article 
by Muenscher (11), the literature of this subject is reviewed and additional 
data are presented. These refer chiefly to ash analyses, and so do not permit 
of any conclusions with reference to individual elements. It was shown, how- 
ever, that in general, there was no correspondence between transpiration of 
water and ash content of plants. 

In the present investigation, two methods of attack were adopted, first the 
reduction of transpiration by placing plants under bell jars (so arranged as to 
provide access of air) and second, the study of the effect of plants on the 
concentration of different ions in culture solutions, when no additional water 
was added during the course of the experiment. In other words, the relative 
absorption of ions and of water by the plants determined the change in the 
composition of the solution. One experiment of this type has just been de- 
scribed. In the majority of trials by the first method, the reduction in trans- 
piration was not associated with anything like a proportionate decrease in the 
absorption of ions, although there was a general tendency for decreases in 
transpiration to be accompanied by decreases in the quantities of ions absorbed. 
In these experiments in which transpiration was reduced by placing the plants 
under bell jars, the conditions for growth or for metabolism (for example, the 
carbon dioxide supply) also may have been less favorable, which makes it very 
difficult to decide to what extent transpiration per se influenced absorption of 
ions. The data cited in table 13 show that in one experiment the solution 
from the plants kept in the open became less concentrated with respect to sev- 
eral ions than the solution from the plants placed under bell jars, even though 
in the former case the transpiration of water was nearly double. 

It was thought that a more direct idea of the comparative intake of water 
and of inorganic elements might be obtained by allowing the solution to remain 
undisturbed during the brief period of the experiment. At the end of the 
periods, the solutions were analyzed without dilution. This simple procedure 
yielded some rather interesting results, which are reported in tables 10 and 12. 
The complete culture solutions became more concentrated with respect to certain 
ions, and more dilute with respect to others. The ions wdiich regularly increased 
in concentration were Ca, Mg and SO4. K and NO3 ions were removed from 
solution more rapidly than water. The phosphate was increased in concentra- 
tion under some circumstances, and under other circumstances decreased. The 
resultant effect on the culture solutions was that their composition was com- 
pletely altered in a very short time. The nature of the alteration in the com- 
plete culture solution may be summarized as follows: Decrease in concentration 
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of K and NO3 ions, increase of concentration of Ca, Mg and SO4 ions, increase 
of HCO3 ions, decrease in hydrogen-ion concentration. When growth and 
transpiration are restricted by placing seedlings in incomplete culture solutions, 
after a sufficient period of time, a decrease of concentration of Ca and SO4 may 
also take place, as indicated in table 10 . The different behavior of the three 
anions, NO3, SO4, and Cl, all in equilibrium with K ions, is illustrated in table 12. 

Later an attempt was made to study the changes in the composition of a 
culture solution during a succession of very brief intervals. For this purpose, 80 
culture vessels were used with a total of 560 plants. Samples of 5 cc. were taken 
from each of the culture vessels and united into compositive samples, which 
were analyzed. No additional water was added during the time of the experi- 


TABLE 12 


Increase or decrease of concentration of various anions in equilibrium with K ions* 


1 

K 

NOi 

SO* 1 

Cl 

HCOi 

REACTION 



milli-equhalents 


pH 

Initial concentration 

19.6 

5.1 

10.6 

4.96 


5.2 

Final concentration ' 

i 24.9 ' 

0.9 

15.9 ' 

5.64 

4.64 

6.9 

Concentration at end in percentage of 







original concentration 

' 127.0 

18.0 

149.0 

114.0 




* No water added during experimental period. Age of plants was 18 days and length, 
of absorption period, 2 days. 


TABLE U 


Increase or decrease of concentration of ions under conditions of reduced transpiration* 



K 

Ca 

Mg 

NOi 

POi 

SO* ’ 

HsO 

ABSORBED 

Initial concentration 

i 

^ 4.55 ! 

8.0 

milH-cqi 

4.4 

iivalents 

11.4 

1.26 1 

7.2 

CC, 

Final concentration 

1.51 ‘ 

12.5 

7.3 

9.5 

1 

0.44 

18.5 

505 

Final concentration (under bell jar) . . , 

3.15 

9,6 

5.2 

9.7 

1.43 

13.1 

265 


* Age of plants was 19 days and length of absorption period, 2 days. 


ment. The results as plotted are shown in figure 2. It is clear that the absorption 
of the different ions did not follow the same course. Again, it was found 
that the solution became more concentrated with respect to Ca, Mg and SO4 
ions, while the concentrations of K and NO3 ions decreased. In this experi- 
ment, the PO 4 ion remained at approximately its original concentration. The 
sum of the equivalents of anions absorbed was greater than that of cations, 
bicarbonate ions being formed in the solution to maintain the equilibrium. 

The effect of light was studied in one preliminary experiment (table 14). 
The usual technique was followed, except that during the absorption period, 
part of the plants were left in the light, and part placed under conditions of 
darkness. Of course, this involved a considerable difference in the amounts 
of water transpired. The concentration of all the ions, except K and PO4 was 
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Fig. 2. Change of Composition of Complete Cultures Solution at Various 
Intervals over a Period of 4S Hours 

Plants were 19 days old. 

TARLF 14 

Eject of light on absorption of ions* 


(All values calculated in terms of milli-equi\^lents) 


ION 

CONCENTRATION IN LIGST 

CONCENTRATION IN DARK 


Initial j 

Final 

Initial 

Final 

NO, 

10.5 

10.9 

10.5 

8.1 

SO 4 

4.7 

8.8 

4.7 

5.4 

PO 4 

1.3 ^ 

0.01 

1,3 

0.70 

Ca 

8.7 

11.8 

8.7 

9.1 

Mg 

5.2 

9.3 I 

5.2 

5.9 

K 

4.4 

1.2 

4.4 

1.7 


* No water was added during the experimental period; 1090 cc. was absorbed in the 
light while 435 cc. was absorbed in the dark. 
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increased to a greater extent in the light than in the dark. In the case of the 
two ions mentioned, there was a decrease of concentration in the light, although 
more water was transpired. It seems probable that metabolic processes in 
which light was a factor, affected the rate of absorption of certain ions. Of 
course, from present information, no definite prediction of influence of light on 
absorption can be made for any particular case, since undoubtedly the stage of 
growth and previous nutritional history of a plant will be important factors. 
In other experiments, for example, nitrate ion might also decrease in 
concentration. 


DISCUSSION 

In discussing in a more general way the results presented in this paper, we 
may conclude first that the processes of absorption have to do with ions. AU 
the data we have obtained are in favor of this conclusion. Comber (3) in a 
recent article suggests that plants do not behave in soils as they do in solution 
cultures, in that they may absorb colloidal substances directly from the soil, 
or at least that diffusion may proceed through a continuous colloidal system 
formed by the intimate union of root hairs and soil particles. While this may be 
a possibility, it seems quite feasible to meet Comber’s objections to soil 
solution theories. This point, however, will be discussed in another paper. 

While it may appear probable that absorption processes are concerned with 
ions, it certainly should not be assumed that the ions are acting as completely 
independent units. On the contrary, as we have shown, one ion influences the 
absorption of another and in a complete culture solution, the complexity of 
conditions so far defies any really satisfactory analysis from the standpoint 
either of the chemist or of the plant physiologist. It does not appear, however, 
that anything is to be gained by interpreting the results of solution culture 
experiments in terms of salt proportion. In solulions of the dilution with 
which we are concerned, a high percentage of dissociation must exist. The 
actual analysis of such solutions must be made on the basis of ions or of chemical 
elements, and it is obvious that the results of absorption studies can best be 
expressed in these terms. Moreover, the interpretation of the data must almost 
necessarily be made in terms of ions or chemical elements. 

Pantanelli (15) drew the general conclusion from his absorption studies that 
the two ions of a salt are seldom removed from solution in equal proportion, 
which conclusion is, on the whole, in accord with the data presented herein, 
although Pantanelli did not detennine the extent to which an exchange of ions 
accounted for the discrepancies in the absorption of the different ions. Red- 
fern (16) investigated the absorption by barley of calcium and chlorine ions from 
calcium chloride solutions. She found that calcium was absorbed in excess and 
other bases entered into solution. Our own results indicated that chlorine was 
absorbed by barley more rapidly than calcium. The difference betw^een these 
two results can possibly be explained by the fact that the concentrations of 
solution used by Redfern were greater than our own. We have found in one 
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eiperiment with MgCIa that at a low concentration chlorine was absorbed 
niore rapidly than magnesium, while at a relatively high concentration magne- 
sium was removed to a greater extent than chlorine. 

The replacement of one ion by another in a culture solution is a condition of 
any extensive inequality in the absorption of positively and negatively charged 
ions, since the change of hydrogen-ion concentration which can occur is compara- 
tively limited. The notable example of replacement is, of course, that of NO3 
ions by HCO3 ions. The ease with which this can occur makes it possible for 
NO 3 ions to be absorbed to a far greater extent than most cations. As already 
stated, the same type of replacement can occur with the chlorine ions, but to a 
much more limited extent. While the selective absorption of NO3 has long been 
known, it does not appear that any one has advanced any really satisfactory 
explanation of the mechanism involved. In our earlier work, we held the view 
that positive and negative ions are either absorbed in equal proportion or else 
that an exchange of ions occurs. In the light of present knowledge, however, 
it is difficult to say whether, for example, K may be absorbed from KsSOj 
as KOH, or whether the K ion may replace the H ion directly to the limited 
extent which corresponds to the increase of hydrogen-ion concentration taking 
place in the solution. When an alkaline solution is used and the hydroxyl- 
ion concentration of the solution decreased, it is possible that HCO3 ion is 
involved in the selective absorption of bases. 

It may be presumed that the rapid reduction which nitrate undergoes in the 
plant has something to do with its absorption, but this type of explanation 
would not answer for potassium which may also be absorbed with great rapidity. 
Experiments to be mentioned presently suggest that potassium occurs in 
plants largely in dissociated form. 

The exchange of one base for another which seems to occur in root cells under 
certain conditions has been explained by True (18) as being attributable to 
reactions in the calcium pectate middle lamella. He emphasizes the impor- 
tance of calcium in making other ions physiologically available. There can be 
no doubt that calcium is essential to the preservation of the normal permeability 
of plant cells, as has long been known from the work of Osterhout and others 
(14). It might be suggested, however, in the application of these facts to 
explain the absorption of ions by plants over extended periods of time, that an 
inadequate supply, not only of calcium, but of any essential element ob\dously 
will render the other elements present unavailable, since the plant will be 
unable to grow to any extent. It is often true, however, that lack of calcium may 
inhibit growth more quickly than lack of any other element. Different t)q)es 
of plants differ greatly in this respect. Barley seedlings grow well for some 
time and produce good root systems in solutions of KNO 3 (0.005 M concentra- 
tion) without calcium, except that derived from the seed. Pea seedlings, on 
the other hand, grow well in solutions of calcium nitrate, but are soon injured 
by potassium nitrate. In the experiment with barley referred to in table 10, 
it does not appear that calcium in ordinary concentration had much effect on 
the absorption of potassium. 
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Another point of great interest is involved in the relative rates of penetration 
of different ions. Why, for example, is the SO4 ion usually absorbed so much 
more slowly than other ions? It is not apparent that there is any simple relation 
between the ordinary chemical and physical properties of the ions and their 
rates of penetration into plant cells. Stiles (17) was unable to show any corre- 
lation between the rates of diffusion of SO4 and Cl ions into gels and into living 
ceUs. It is quite apparent that not only the chemical characteristics of the 
ion, but also those of the cell membrane must be taken into consideration. 

Certain other aspects of the problem of the absorption of ions by plants have 
been discussed elsewhere, but for the sake of completeness, a brief reference to 
the conclusions may be noade at this point. Investigations (2, 8, 9, 13) on the 
fresh water alga Niklla from which cell sap may be obtained practically or 
entirely uncontaminated, have shown that most of the inorganic elements of the 
sap exist in dissociated form, and not chemically combined with organic sub- 
stances. The cells contain ions in concentrations far higher than those of the 
media in which the plants grow. An expenditure of energy is apparently 
involved in the processes of penetration of ions into the cell sap. As possibly 
bearing on this relation, Davis and the writer have found (8) that Cl and other 
ions are not absorbed by Nitella to any extent except when the cells are exposed 
to light. 

In the experiments reported in this paper, very brief periods of absorption 
were considered, but even in these brief periods, growth and metabolism were 
undoubtedly active, and the absorption of ions which occurred during the 
periods in question cannot be dissociated from these processes. The point of 
view which it is sought to suggest here is entirely different from that which 
assumes any simple type of chemical equilibrium between the plant and its 
culture medium. It cannot be doubted that the plant cell operates in accordance 
with the laws of chemistry and physics, but the system is a dynamic one, and 
the energy relations of the chemical reactions taking place are, as yet, unknown. 

Possibly the initial event in the removal of an ion from solution may involve 
some sort of chemical combination betweeen the ion and a constituent of the 
cell wall or protoplasm. It was observed in connection with the experiments 
on Nitella (8) that nitrate ions penetrate more readily from an addsolurionthan 
from an alkaline one. Evidence is also available from experiments on barley 
plants to show that from an alkaline solution cations are absorbed to a greater 
extent than anions, the hydroxyl-ion concentration being decreased (6) . Perhaps 
some of these facts will suggest the applicability of Loeb’s (10) recent researches 
on proteins, but in this connection it must be considered that it is possible for 
cations to be removed from solution more rapidly than anions, even when the 
reaction is acid, for example, in the case of potassium sulfate. It is also proba- 
ble that compounds other than proteins play a part in the mechanism of 
absorption. 

Finally, it must be very emphatically stated that the absorption of ions by a 
plant depends not only upon the culture solution, but upon conditions of light, 



ABSORPTION OF IONS BY PLANTS 


245 


temperature, and humidity, and therefore it cannot be expected tliat any two 
experiments will give identical results, unless every condition is the same. 
Any experiments of the type described in this paper are useful only in so far as 
they throw some light on the general principles of ion absorption. 

SUMMARY 

1 . Determinations were made of the absorption of ions by barley plants from 
numerous solutions of single salts or simple mixtures of salts, as well as from 
complete culture solutions. Absorption was generally determined over very 
brief periods. Large numbers of plants were employed and comparisons were 
made between uniform sets of plants several weeks old. 

2. Different ions were absorbed at different rates, but definite evidence 
was obtained of the significant influence of one ion on the absorption of another. 
All three types of relations were involved, cation to anion, cation to cation, and 
anion to anion. 

3. The slowly absorbed sulfate ion decreased the rate of absorption of 
associated cations; thus potassium was absorbed much more rapidly from the 
nitrate or the chloride than from the sulfate. Similar relations were found 
between the ions of various other salts. 

4. The presence of a relatively high concentration of sodium decreased the 
rate of absorption of other cations, particularly potassium and calcium. 

5. During a given period the proportion absorbed from the total quantity of 
easily absorbable ions present decreases as the concentration of these ions in 
the solution decreases. In this way, plants can adapt themselves, to a consider- 
able extent, to solutions of low concentration. 

6 . Ions are seldom removed from solution by the plant in the same propor- 
tion as water. Under some circumstances K, NO 3 and PO 4 ions may be re- 
moved from solution at a far greater rate than water. At the same time, Ca, 
Mg and SO 4 ions may be removed less rapidly than water. Therefore, as the 
plant absorbs water and ions, the same solution may become more dilute with 
respect to certain ions and more concentrated with respect to others. 

7. The importance of climatic conditions as affecting absorption of ions is 
emphasized. One experiment is described in connection with the influence of 
fight on absorption. 

8 . Attention is called to the fact that energy exchanges are involved in the 
processes of absorption. Permeability relations alone are inadequate to 
explain these phenomena in the living plant. 
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The preliminary results presented in the first paper (16) have demonstrated 
that treatment of soil with volatile antiseptics and heat has an important 
influence not only upon the development of bacteria and protozoa, but also 
upon the soil actinomycetes and especially the soil fungi. The metabolism 
of soil fungi is of such a nature that by it we can explain readily the phe- 
nomena observed as a result of partial sterilization of the soil. 

Among the chief disadvantages which present themselves in working with 
field soils is their great variability, both in regard to chemical composition 
and numbers of microorganisms, the large number of various environmental 
conditions influencing the numbers and activities of bacteria and the fact 
that the previous course of microorganisms in the particular soil, as far as 
numbers and activities are concerned, is unknown. Also, it was recognized 
that the determination of ammonia formation alone in the soil is not a reliable 
index of the activities of bacteria, first, because ammonia accumulation in 
the soil is subject to too many variables (15) and, second, because the fungi 
which develop rapidly in partially sterilized soil may either accumulate large 
quantities of ammonia or assimilate it and convert it into microbial protein, 
depending upon the amount of available energy’’ in the soil and species of 
fungi developing as a result of partial sterilization. 

An experiment was, therefore, carried out as follows: 

One-kilogram portions of a uniform, air-dried, sieved Sassafras loam soil were placed in 
a series of sixty l-quart glazed earthenware pots and the proper amount of moisture 
was added, amounting to 20 per cent of the weight of the soil (60 per cent of total moisture- 
holding capacity). The pots were then covered with glass plates and placed in the incu- 
bator at 25-28®C. Every 10 to 14 days, the soils were brought to weight by the addition 
of distilled water. At various intervals, 6 pots were sampled for the determination of 
nitrates and bacterial numbers. Samples were taken by means of a clean cork borer (about 
1 cm. in diameter) to a depth of 3-4 inches from various parts of the pot. At the same time 
six of the pots were also placed in the respirator apparatus and the amount of carbon dioxide 
evolved, using a constant aeration for 14 days, was determined. The respiration was car- 
ried on at constant temperature (25-28T.). At the end of the 14 days, the pots were taken 
out and covered again. The soils were otherwise undisturbed. These determinations of 

’ Paper No. 1.S8 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. 
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numbers of bacteria, actmomycetes and fungi, nitrate content and COs-produdng capacity 
were continued until the changes became hardly noticeable within a brief period of time. 
For this a period of about II months was required. This procedure was followed in order 
to obtain a soil in which the history of microbial changes was known, a soil which had been 
brought to a definite level of activities (we may call it microbial balance or unstable equilib- 
rium, as far as this terra can be applied to microbial activities). 

The different determinations made upon this undisturbed soil, when plotted, 
give us the courses of the changes of the microorganisms in the soil as indicated 
by the total numbers developing on the plate, nitrate accumulation and 
evolution of carbon dioxide. These curves are given in figure 1. 



tIJS 

Fig I. CouESE of Biological Activities in Undisturbed Soil 

In view of the fact that the soil was air-dried before it was properly mixed 
and distributed in the pots, there is a decided increase in the numbers and 
activities of microorganisms, soon after moistening. In the case of bacteria, 
the maximum is obtained only after 3 or 4 days. This is followed by a drop 
in numbers, at first rapidly, then more slowly, so that after 175 days the 
numbers of bacteria and actinomycetes have come to a certain level at which 
the decrease in numbers is only very slow. The fungi reach their maximum 
soon after moistening and are then followed by a gradual decline, much less 
abrupt than in the case of bacteria and actinomycetes, and a certain level 
is reached only after about 250 days. The ratio of actinomycetes to the 
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total number of microorganisms developing on the plate declines with the 
increase in bacterial numbers, then increases with the decrease in the numbers 
of bacteria developing on the plate, till a constant ratio is attained, namely 
till about 20 to 25 per cent of the organisms, exclusive of fungi, developing 
on the plate are actinomycetes. 

The rate of evolution of carbon dioxide reaches a maximum during the first 
24 hours after moistening the soil, then it falls off very rapidly, reaching 
also a certain level after about 150 days. The more precipitous fall in the 
rate of evolution of carbon dioxide than the numbers of bacteria has been 
observed previously by Fischer (3) and others. Fischer explained this by 
the low respiratory power of the bacteria after they reached the maximum 
development, although they arc still capable of developing into colonies on 
the plate. This phenomenon will be dwelt upon at greater length elsewhere. 
The nitrate content of the soil increases at first slowly, then rapidly, till a 
certain maximum nitrate content is attained, equivalent to about 10 mgm, 
of nitrate nitrogen in 100 gm. of soil. The curve in the case of nitrate 
accumulation in the soil is an autocatalytic curve, which has been previously 
pointed out by Miyake (10). 

Eleven months after the soils were started, the numbers of microorganisms 
did not change appreciably. At this point a uniform balance of microbiolog- 
ical activities had become established, as indicated by the unchanging rate 
of CO 2 production. At this time the 60 pots of soil were divided into 16 
groups, 3 or 6 pots in each group, and the soil in each pot was submitted to 
various treatments, as indicated below: 

1. Remained untreated, to serve as control. 

2. Soil was taken out from the pots, mixed thoroughly and placed in the pots again. 

3. Soil was removed, well mixed with 0.5 per cent CaO, and returned to pots. 

4. Soil was removed, well mixed with 1 per cent CaCOj, and returned to pots. 

5. Soil was spread out in large open glass dishes in incubator and allowed to air-dry for 
14 days, then returned to original pots and brought back to original weight by addition of 
sterile distilled water. 

6. Soils were treated as in group 5, but were reinoculated with 0.5 per cent of fresh soil 
(untreated soil from one of the control pots). 

7. Soil from each pot was transferred to individual bottles, 1 per cent of toluene was 
added and bottles closely stoppered. After 43 hours, the soil was spread out for 3 hours 
to allow the toluene to evaporate; then it was returned to the original pot and sterile water 
added to bring back to weight. 

8. Same as treatment 7, only reinoculated with 0.5 per cent of fresh soil. 

9. Soil treated with 1 per cent of carbon bisulfide in a manner similar to the toluene 
treatment. 

10. Same as treatment 9 but reinoculated with 0.5 per cent fresh soil. 

11. Pots with soil placed in hot water, until soil temperature in center of pot reached 65“C., 
and kept at that temperature for 1 fibur. 

12. Same as treatment 11, but remoculated with 0.5 per cent of fresh soil. 

13. Soil removed from pots, 0.2 per cent of ground dry alfalfa hay was added to each and 
well mixed with the soil. 

14. Soil removed from pots, 0,05 per cent of sulfur was added to each and well mixed in. 
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15. Soil removed from pots, 200 mgm. of KjSO* and 200 mgm. CaHPOi was added to each 
and well mixed in. 

16. Same as treatment 15, with 250 mgm. of NaNOj in addition. 

All the pots were then covered with glass plates and kept at optimum mois- 
ture in the incubator room. Since there was only enough room in the res- 
pirator for the study of CO 2 evolution from 12 soils at any one time and the 
period used was 14 days, the treatments were so arranged as to permit care 
of all the pots. At various intervals samples of soil were taken for the study 
of numbers of bacteria, fungi and protozoa, as well as nitrate content. Am- 
monia was determined only after prolonged incubation periods. The CO 2 - 
production by the variously treated soils was also determined at various 
intervals. The results are presented in figures 2-16 while table 1 gives a 
record of the occurrence of protozoa, 

EFFECT OF TILLAGE 

The mere mixing of soil, without allowing it to air-dry, resulted only in a 
slight stimulating effect as indicated by the carbon dioxide production (fig. 2). 
However, there was a depression in bacterial numbers. The protozoa were 
not affected. The fungi were at first depressed, then stimulated; the depres- 
sion was accompanied by a reduction in nitrate content. Is it possible that 
the mere tilling of the soil, which means thorough aeration, resulted in the 
germination of the fungus spores with the development of a fungus mycelium? 
This might temporarily indicate a reduction in numbers followed by an in- 
crease when spore formation takes place. If that were the case, we could 
easily explain the assimilation of nitrate by the growing mycelium, increase 
in CO 2 production and reduction in bacterial numbers, 

INFLUENCE OF TREATMENT WITH CALCIUM OXIDE 

The addition of 0.5 per cent CaO had a decided sterilizing effect upon the 
microbial population of the soil, as shown in figure 3. In view of the fact 
that the pots were placed in the respirator soon after the addition of the lime 
and kept in a C02-free atmosphere for 2 weeks, there was not enough of the 
CO 2 to carbonate the CaO. This accounts for the fact that no CO 2 is formed 
at first. It is also indicated hy the very high alkalinity of the soil (pH = 
9.6 +). The depression of CO 2 production was accompanied by a depression 
in the numbers of bacteria and fungi. However when the pots were exposed 
to the atmosphere and carbonation took place, there was a rapid increase in 
the numbers of microorganisms and CO 2 production. The protozoa were 
destroyed as a result of the treatment. But after 28 days large numbers 
of ciliates, flagellates and amoebae were found in the soil. This particular 
period coincided with the maximum development of bacteria and fungi as 
well as the maximum rate of CO 2 evolution. The rapid development of 
microorganisms brought about a decrease in the amount of nitrate in the 
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Fig. 3. Influence of CaO on Biological Activities in Soil 
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soil, but as soon as the numbers of CO 2 production began to decline, an in- 
crease in the nitrate accumulation took place, so that in 150 days the amount 
of nitrate (16.9 mgm.) was higher than in the control. The soil contained 
only traces of ammonia, about 1 mgm. in 100 gm. of soil. 

The influence of CaO upon the development of bacteria in the soil has been pointed out 
by various investigators. We need but refer to the work of Fischer (3), Hutchinson (5) and 
Miller (9). Fischer found that the addition of small quantities of CaO (0. 1-0.3 per cent) 
brings about a temporary depression of bacterial numbers, soon followed by a decided in- 
crease. Larger concentrations of CaO have a more continued depressing effect, especially 
above 0.5 per cent, followed by a much greater increase in bacterial development, so that, 
16 weeks after the application of 0.7 per cent CaO, the numbers of bacteria rose to 420 mil- 
lions per gram. Equivalent concentrations of CaCOs gave only ve!y slight increases in the 
number of bacteria, without any depressing effect. Fischer suggested that CaO does not 
act merely in neutralizing the acid condition of the soil, as in the case of the carbonate, but 
acts in a way stimulating bacterial life. These results were confirmed by Miller who showed 
that the greater the amount of CaO, the more prolonged is the checking effect upon bacterial 
development, but the greater will be the increase in bacterial numbers when it finally sets in. 
Five per cent of CaO completely prevents further growth of bacteria. The CaO has, how- 
ever, a selective action upon soil bacteria, since 5. jiuorescens was not stimulated by 0.1 per 
cent of CaO and even destroyed by 0.3 per cent; 0.1 per cent of CaO diminished nitrification 
of ammonium sulfate, while 0.5 per cent stopped it almost completely. 

The results of the above cited investigators are in conformity with our own 
results. The application of CaO to the soil has a pronounced effect in dis- 
turbing or even destroying the state of microbiological equilibrium. Hutchin- 
son (5) found that its action is intermediary between the action of antiseptics 
and changes induced by high temperatures and it appears to bring about a 
decomposition of the organic nitrogen constituents of the soil. 

The fact that protozoa develop rapidly in the soil even before the maximum 
development of bacterial activities set in, the fact that the development of 
fungi is very similar to that of bacteria, the fact that the COg-producing 
capacity of the soil is at a high level long after the protozoan development 
has attained a maximum, the fact that the nitrate content of the soil is de- 
pressed with the development of bacteria and fungi, then stimulated when 
those organisms begin to decrease,— all speak against any attempt to explain 
the phenomenon that has taken place by the destruction of protozoa. If 
there is any group of organisms that has suffered as a result of the treatment, 
It IS the actinomycetes, which decreased from about 25 per cent of the popula- 
tion developing on the plate to 1--3 per cent and have not attained cither their 
original numbers or percentage of total numbers even 150 days after treat- 
nient. This could hardly explain, however, the changes in biological activi- 
ties, since in the case of some antiseptics, this depression is not so marked. 

INFLUENCE OF CaCOj 

The influence of CaCOj upon the microbiological activities in the soil is 
distinctly different from that of CaO, as shown in figure 4. There was a 
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marked evolution of CO 2 soon after the CaCO^ had been added to the soil, 
not due to biological action but as a result of chemical reactions taking place 
in the soil between the CaCOs (1 per cent) and the acid reacting substances 
in the soil. The rate of COa production soon drops to a low level, only slightly 
above the control. Bacterial numbers are stimulated only to a limited 
extent, similar to the results obtained by Fischer (3) and Miller (9). Fungi 
are at first depressed, then slightly stimulated. The addition of CaCOs to 
the soil does not result in a group of phenomena characteristic of partial 
sterilization, since there is no decided change either in the numbers or in the 
interrelationships of microorganisms (equilibrium) in the soil. A bacterial 



plate from a soil treated with CaO shows a distinctly different picture from 
that treated with CaCOs. In the former the minute pin-point, slowly growing 
colonies predominate with some large, watery, glistening white bacterial 
colonies; the plate is practically free from actinomycetes colonies. The 
CaCOa treated soil shows on the plate a normal bacterial flora, with a little 
more stress on the typical colonies of actinomycetes. 

INFLUENCE OF AIR-DRYING OF SOIL 

Air-drying of the soil followed by moistening with distilled water to bring 
it back to optimum moisture, resulted in a decidedly stimulating effect upon 
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the activities of the microorganisms, as indicated by the increase in numbers 
of bacteria and fungi as well as CO 2 production (fig. 5). This was accom- 
panied by a decided decrease in the amount of nitrates. 

The increase in CO 2 production and diminution of nitrate content preceded 
somewhat the increase in numbers of microorganisms and the maximum of 
CO 2 production was attained before the maximum number of microorganisms. 
These two phenomena are probably correlated as follows: As soon as the air- 
dry soil is moistened, the bacteria begin to develop rapidly and the fungus 
spores germinate and develop into a mycelium; these activities, especially 
the synthesis of new cells, fungus and actinomyces mycelium involve a rapid 



Fig. 5. Intluence of Air-Drying and Subsequent Remoistening on Biological 
Actimties in Soil 


decomposition of organic matter and utilization of available nitrogen com- 
pounds (nitrates). The numbers of bacteria and fungi reach the maximum 
point only later, due to two influences: first, it is the development of 
bacteria and the maximum rate of reproduction which produce the CO 2 
rather than the mere presence of the bacterial numbers as such; second, the 
greatest number of fungi may be indicated only after they have already com- 
pleted their maximum growth, namely when they have gone into spores. 
Both of these phenomena will account for the fact that the maximum CCh 
production, which indicates the respiration or active growth of the organisms, 
precedes maximum numbers. 
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It is important to note that although air-drying of soil has a decidedly 
stimulating effect upon microbial activities in the soil, this effect is only of 
short duration: the numbers soon begin to fall off, the rate of CO 2 evolution 
soon reaches a maximum and the nitrate accumulation rapidly rises. Am- 
monia did not accumulate appreciably and, at the end of 100 days, there 
was only about 1 mgm. of ammonia-nitrogen in 100 gm. of soil. 

The protozoa were not destroyed by the process of air-drying, the flagel- 
lates were as abundant as in the untreated soil, if not more so, while the ciliates 
and amoebae have disappeared temporarily; however, when the air-dry soil 
was inoculated with only 0.5 per cent fresh soil, the amoebae were also abun- 
dant soon after moistening. Surely the destruction of protozoa cannot 
account for the stimulating effect upon bacterial activities; one could just 
as readily, if not more so, explain the changes that have taken place by the 
course of growth of fungi and actinomycetes. The air-drying of the soil 
improved the physical condition of the soil and made organic matter more 
available as a source of energy to the growth of microorganisms; it also re- 
duced the numbers of microorganisms. The bacteria and fungi were first 
to start growth resulting in CO 2 production and nitrate decrease; when a 
maximum of numbers was reached, they began to decrease. It remains to be 
seen whether this was due to the diminution of the available energy supply, 
to the development of fungi, to the increase in the proportion of actinomy- 
cetes, or to all of these combined. 

The reinoculated pots gave almost exactly the same curv^es as the uninocu- 
lated (fig. 6) ; this speaks for the fact that the stimulation of bacterial activi- 
ties is not due to the removal of any organisms, but merely to the change in 
physical condition of the soil and in the composition of the organic matter of 
the soil as well as to the shift of the temporary balance of the various groups 
of microorganisms in the soil. 

The favorable influence of air-drying upon microbiological activities in the soil has also 
been observed by Rahn (12), Ritter (13), and others. Rahn obtained greater differences in 
heavy soils than in light soils, the differences were particularly marked in garden soils; this 
would tend to indicate that the stimulating effect of drying has to do with the modification 
of the organic matter in the soil; Rahn ascribed it to the degree of solubility of minerals. 
Ritter found that complete drying results in a greater stimulus than moderate drying; 
Ritter ascribed the favorable influence to a selective action upon the species of soil micro- 
organisms. The fact that air-drying of soil brings about a decided increase in the solubility 
of the nutrients and change in colloidal condition of the soil has been pointed out by Kelley 
(7), Konig and associates (8). That air-drying of soil docs not vitally affect the soil protozoa 
has been pointed out by Goodey and Greig-Smith. 

The fact that air-drying modifies the organic matter of the soil making it 
a more available source of energy for microorganisms is clearly brought out 
in figure 7. The same soil was air-dried for 40, 358 and 519 days. At these 
intervals 1-kgm. portions were placed in pots, brought to o])limum moisture 
and placed in the respirator. The longer the soil was air-dried the greater 
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was the maximum to which the CO 2 curve rose; the total amount of COj 
produced from soils air-dried for different periods of time was also greater with 
the increase in the length of the period of drying. 

INFLUENCE OF HEATING OF SOIL 

Heating of soil at 65° for 1 hour resulted in somewhat different phenomena 
(fig. 8). Heating also produced a decrease in the number of bacteria and 
fungi, followed by an increase; it resulted also in a rapid increase in the amount 
of CO 2 formed, followed by a rapid decrease; the protozoa disappeared and 
did not reappear in appreciable numbers for 28 days; the content of nitrates 
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Fig. 8. Influence or Heating on Biological Activities in Soil 

and other substances giving the characteristic reaction with phenol-disulfonic 
acid was increased as a result of heating, probably because of the complete 
transformation of the nitrites and possibly also of the ammonia present in 
the soil to nitrates; this increase in nitrate was followed by a drop accompany- 
ing the increase in the numbers of microorganisms. The bacterial numbers 
did not fall as rapidly as in the case of air-dried soils, but remained at a high 
level, even after a long period of lime. However, the fungi did not increase 
rapidly, but only very slowly and continued to increase even after 80 days; 
the gradual course of increase of numbers of fungi in the soil is peculiarly 
parallel to the gradual fall of bacterial numbers; it is also important to note 
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that the nitrate content, after a slight increase, actually continued to decrease. 
The fact that we are not dealing here with protozoa is clearly indicated by 
their great abundance after 28 days treatment. Surely the large increase 
in numbers of fungi and soil transformations can be more readily correlated 
with the change in the bacterial numbers and nitrate content of soil than the 
presence of protozoa. 

The ratio of actinomycetes to the total number of microorganisms developing 
on the plate was about 30 per cent before heating; this ratio dropped to about 
15 per cent after heating, and about 3 per cent 2 weeks later; a gradual 
increase followed. In other words, the development of this group of organ- 
isms was greatly affected by heating of the soil; not only were the numbers 
reduced as a result of heating, but they did not increase until considerable time 
elapsed and even 4 months after treatment their ratio to the total number 
was only one-fourth of that before the treatment of the soil. The two phe- 
nomena, the rapid development of fungi and the slow, delayed growth of the 
actinomycetes as a result of soil treatment are fully correlated with the in- 
crease of bacterial numbers followed by a slow gradual decrease. It may be 
of interest to record that 57 days after the last determination reported in 
the curves the bacteria were on about the same level, the fungi began to 
decrease, while the nitrates nearly approached that of the control. 

When the heated soil was reinoculated with 0.5 per cent of fresh soil (fig, 9), 
the protozoa began to develop much more rapidly, appearing abundantly 
after 14 days. The curve for CO 2 production was similar to the curve in 
uninoculated soil. The bacterial numbers reached a higher maximum, but 
began to drop much more rapidly; however, after 85 days they were on the 
same level with the uninoculated soil. The numbers of fungi behaved con- 
trary to expectation, and contrary to the experiments reported in the previous 
paper; they remained consistently low for a long time and only 41 months 
after treatment did they show the marked increase which was observed in 
the other treated soils. This delayed development may be due to improper 
inoculation (only 0.5 per cent of soil used), to the destruction of the fungi 
capable of developing in the heated soil, or to the difference in the myceUal 
and spore development of the particular organisms. The nitrates decreased 
parallel with the increase of bacteria and began to increase with the drop in 
bacterial numbers. There was a much more rapid development of the nitrate 
content in the inoculated than in the uninoculated soil, due to the slow de- 
velopment of the fungi and the reintroduction of the nitrifying organisms. 
After 4 months, however, the nitrate accumulation is as rapid in the unin- 
oculated as the inoculated soil. This may be due to the rapid development 
of the fungi which corresponds to a slowing down of the increase in nitrate 
accumulation as found in the uninoculated soil. The ratio of actinomycetes 
in the inoculated soil is similar to the ratio in the uninoculated. Two months 
after the last point on the curve, the fungi were found to be rapidly diminish- 
ing in numbers and the nitrate increasing. There was no appreciable increase 
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in the amount of ammonia in both heated soils, since the determination for 
ammonia was made several months after treatment (because of the scarcity of 
the soil) when the nitrifying bacteria became again active. 


Steaming soils brings about a greater solubility of organic soil constituents, as pointed 
out by Richter [see Fischer (3)], Pickering (11), Elveden (2) and others. Fischer also 
observed a decided drop of the rate of CO 2 production following a rapid rise in inoculated 
steamed soils, while the bacteria remained at a high level. He explained this by the fact 
that, after a period of decided activities, the bacteria become more or less inactive, going 
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Fig. 9. Intluence of Heatixg and Re inoculation on Biological Activities in Soil 

into resting stages, which possess only a low respiratory power, but which are capable of 
developing into colonies on the plate. The stimulating effect upon bacterial activities was 
considered to be due to the decomposition of the bacterial bodies. Greig-Smith (4) sug- 
gested that the effect of heat upon soil is to destroy the bacterial toxins present there. Rus- 
sell and Hutchinson explained it by the destruction of protozoa, although, as the figures 
show, the fungi curves have the same tendency as the bacteria curves, especially in reinocu- 
lated soils. Bolley (1) suggested that the destruction of disease -producing fungi and bacteria 
in the soil by heat has more to do with the increase in soil productiveness than any other 
phenomenon. Jachshevski (6) ascribed the cause of soil fatigue to fungi. The results in 
these experiments bear out the fact that fungi are destroyed by heat treatment; then those 
that survive (some typical soil fungi) reproduce rapidly to great abundance. 
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INPLUENCE OF TOLUENE TREATMENT 

Treatment of soil with toluene (fig. 10) brought about an increase in the 
rate of CO 2 production, followed by rapid decrease; this was accompanied 
by a decided increase in bacterial numbers; this increase remained at a high 
level for a long time before any appreciable decrease was observed and, 
even after 130 days, the numbers were still almost twice as high as in the 
untreated soil. The fungi were practically destroyed as a result of the 
treatment of the soil with the disinfectant and began to increase only 
slowly, then more rapidly; when they reached their highest point the fungi 
and the bacteria began to decrease, both remaining however at a much 
higher level than the control. Actinomycetes were only about 10 per cent 
of the flora developing on the plate instead of the v30 per cent in the 
control. The protozoa at first disappeared, then reappeared after 28 days. 
The nitrates were greatly diminished during and soon after treatment, 
but, after a prolonged period of time, they began to increase. No rapid 
multiplication of actinomycetes and fungi took place in this soil as was found 
in the case of a soil rich in organic matter (5A). 

When the toluene- treated soil was inoculated with fresh soil, the rate of 
CO 2 production as well as the bacterial numbers rose above the uninoculated 
soil, but the bacterial numbers dropped down also more rapidly (fig. 11). The 
fungi did not reach such a high point as in the uninoculated soil, but after 
130 days both soils had about the same number of fungi. The actinomyces 
ratio wasabout the same as in the uninoculated soil. The protozoa were abun- 
dant even after 14 days. The nitrates were also diminished rapidly during 
and soon after toluene treatment, but they began to increase sooner than in 
the uninoculated soil. 

Several points need be emphasized here: 

1. An increase in bacterial numbers is always sooner or later followed by a decrease. 
May it not be possible that, since in the reinoculatcd soil the maximum goes up higher than 
in the uninoculated, the drop is also sooner? 

2. The increase in the number of fungi does not seem to depend primarily on the forms 
introduced but upon the capacity of the treated soil to support a fungus population. Among 
the fungi surviving toluene treatment we find most noticeabe the genera Zygorhynchus, 
soil Penicillium (pink-yellow form) Cunninghamlla and Cephalosporiunif all typical soil 
forms. 

3. The nitrate bacteria are not completely destroyed by the treatment with toluene, 
they are only temporarily suppressed in the uninoculated soil, since they become always 
active again, sooner, of course, in the reinoculated soil. 

4. Although all previous work noted (Russell and Hutchinson etc.), as well as our own 
results reported in the first part of this paper, indicate that toluene treatment of soil leads 
to an accumulation of ammonia, we did not find any increase in this particular case. This 
may be due to one or more causes (a) The ammonia was determined only after 120 days, 
since we did not want to remove from the pots any large quantities of soil which would be 
uecessary for ammonia determinations, and at that time all the ammonia might have already 
been converted into nitrates, (b) In this particular instance the soil was rich in nitrates 
before treatment with the disinfectant; it is therefore possible that in this case the soil bacteria 



262 


SELMAN A. WAKSMAN AND ROBERT L, STARKEY 




Fig. 11. Intltjenxe of Toluene and Reinoculation on Biological Activities in Soa 
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and fungi did not break down readily the soil proteins and other nitrogenous compounds, 
but used the various carbon compounds (of a non- nitrogenous nature) as sources of energy 
usbg up the nitrate as a source of nitrogen and not liberating any ammonia, (c) It is also 
possible that in the period of 11 months that the soil was kept under favorable moisture and 
temperature conditions, all the readily decomposable nitrogen compounds were decomposed 
and the nitrogen finally converted into nitrate; the treatment with toluene therefore could 
not result in rendering a soil, which was not very rich in organic matter, containing no 
nematodes, worms and insects, and only comparatively small numbers of fungi, richer in 
available nitrogenous compounds. 

INFLUENCE OF CARBON BISULFIDE 

Treatment of soil with 1 per cent of carbon bisulfide (fig. 12) resulted in 
phenomena very similar to the toluene treatment, heating of soil, air-drying, 
CaO treatment; the curves are, however, not only not identical but in some 
cases distinctly different, depending on the interrelationships of the various 
groups of organisms. The CO 2 production curve is quite similar to the other 
curves; protozoa were absent after 14 days and began to appear only after 
28 days. Bacteria were at first depressed, then began to increase rapidly, 
reaching a maximum only after 90 days. The percentage content of actino- 
mycetes was again reduced to a minimum and even after 120 days did not 
reach more than ^ of the original proportion. The fungi were also depressed 
and soon recovered, but only very slowly; it is important to note that the 
rapid rise of numbers of fungi coincides almost exactly with the precipitous 
drop of bacterial numbers. The nitrate content in the soil was appreciably 
reduced as a result of treatment and soon after; in view of the fact that the 
nitrifying bacteria were put out of action, even if temporarily, there was no 
appreciable further increase in nitrate even after 120 days; the ammonia 
content, however, increased appreciably from less than 1 mgm. to over 3 
mgm. per 100 gm. of soil. 

In the case of the reinoculated soils (fig. 13), the same curve of CO 2 pro- 
duction is obtained with a more rapid rise in bacterial numbers. The rapid 
rise was also followed by a rapid fall. The protozoa were already evident 
after 14 days. These could hardly explain the precipitous fall of bacterial 
numbers, witness the almost coincident rise of fungous numbers. The fungi 
recovered in the reinoculated soil much more rapidly and began to rise pre- 
cipitously after 35^ days, this corresponding to the rapid drop in bacteria. 
The nitrate was here also reduced, but began to increase somewhat earlier 
than in the uninoculated soils, the gain was made partly at the expense of 
the ammonia in the soil. Determinations made 70 days after the last points 
on the curve indicated a drop in the numbers of fungi accompanied by a rise 
in the nitrate content of the soil. 

The stimulating effect of disinfectants, especially carbon bisulfide upon 
the decomposition of organic matter in the soil has been pointed out previously 
hy various investigators, using, as an index of the decomposition of organic 
matter, carbon, dioxide prodnction, oxygen absorption, and ammonia accumu- 
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lation. While some ascribed this to the direct stimulating action of the dis- 
infectant upon biological activities, others to the neutralization of soil toxins, 
modification of organic matter, change in physical condition of soil, Russell 
and Hutchinson ascribed it to the destruction of protozoa and Hiltner and 
Stormer to the destruction of the bacterial equilibrium in soil. According 
to the latter investigators, the disinfectant opens a way for an entirely new 
bacterial development, achieved by the unequal retardation and stimulation 
in the growth of the difierent groups of microorganisms; some become dis- 
proportionately prominent and others arc almost entirely suppressed. 

Stoklasa (14) suggested that the stimulating effect of the disinfectant is 
due to the destruction of a definite number of soil microorganisms; the sur- 
viving bacteria readily break down the dead organisms, liberating phosphate 
and other ions, which now become available for plant growth. 

The following two curves, having nothing to do with disinfectants (although 
sulfur is looked upon as such by certain investigators) show the influence of 
available organic matter and of a small amount of sulfur upon the soil micro- 
biological activities. 

The addition of 0.2 per cent of ground dry alfalfa meal (2 gm. per 1 kgm. 
of soil) resulted in changes in the microbiological activities very similar to 
partial sterilization of soil (fig. 14). The curve for CO 2 production rose im- 
mediately, then fell precipitously. The rise in bacterial numbers followed 
soon after the rise in the CO 2 curve exactly as in the case of partial steriliza- 
tion; the numbers remained at a rather high level for a long time, then de- 
creased rapidly. The fungi rose rapidly, then began to diminish only slowly. 
The nitrates dropped rapidly, then began to increase. The curves in general 
are quite similar to the curves of steamed or toluene-treated soils that were 
reinoculated. The protozoa, of course, were not injured as a result of addi- 
tion of readily available organic matter. This seems to suggest that the 
stimulating influence of heat and treatment with volatile antiseptics, outside 
of the destruction of fungi and other pests causing plant diseases, may be 
due to an increase in the available plant food in the soil cither as a result of 
modification of the organic matter in the soil or destruction of various worms, 
protozoa, fungi, etc. 

The addition of a small amount of sulfur (500 mgm.) to 1 kgm. of soil 
resulted (fig. 15) in a slight decrease in the numbers of bacteria, slight increase 
in the number of fungi and slight increase in the C 02 ’PToducing capacity of 
the soil. The original decrease in nitrate content cannot be explained other 
than by the variability of the nitrate content in the particular soils. Fifty- 
four days after the last point on the cuiw^e ^vas drawn, the sulfur-treated soils 
were agam analyzed showing a steady decrease in the number of bacteria 
and increase in the number of fungi, the former dropping to 2,900,000 per 
gram and the latter going up to 25,000 per gram. The increase in soil acidity 
made the soil a poorer medium for the grow'th of bacteria and a better medium 
for the growth of fungi. 
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Fig. 15. Influence of Sulfur on Biological Activities in Soil 
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The soils treated with K2SO4 and CaHPOi and these salts plus NaNOa did 
not show any different results from the ordinary cultivated (tilled) soils, so 
that they are not included here. This is probably due to the fact that the 
soils in question, due to their long incubation period, contained sufficient sol- 
uble minerals and nitrogen compounds, so that these did not become limiting 
factors. 

Figure 16 indicates the total amounts of CO2 given off by the soils the first 
week after treatment. The CaO treated soils are not included here since 
they gave off no CO2 the first week. However, if the total CO2 given off 
by the variously treated soils could have been determined, the CaO treated 
soils would have given as high results as any in the series, with the exception 



Fro. 16, Carbon-Dioxide Production Effected by Various Treatments— Total CO* 
Produced during First Week after Treatment 


of the alfalfa treated soils. This is realized from the fact that the CO2 re- 
mained at a high level in the CaO treated soils longer than in the case of any 
other treatment. 

SUMMARY 

A soil with a known history as far as microorganisms and their activities 
are concerned has been prepared. The results of the influence of partial 
sterilization of soil by volatile antiseptics, heat, and CaO upon the numbers 
of bacteria, fungi, actinomycetes, protozoa and their activities in the soil 
thus prepared are reported. These are compared with the influence of air- 
drying, addition of CaCOa, small amounts of organic matter and sulfur upon 
the same microbiological activities. 
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Plants which do not make normal growth often develop a chlorotic condi- 
tion of the leaves usually attributed to certain nutritional disturbances. Such 
a condition is more often noted on calcareous soils although other factors have 
been cited. The chlorosis of pineapple leaves on plants grown on the man- 
ganiferous soils of Hawaii is an example. 

In an investigation of these manganiferous areas and the nutritional disturbances of 
numerous plants grown on these soil types Kelley (9) has reached the following conclusions. 
“From these evidences we may believe that the effects of manganese are largely indirect 
and are to be explained on the basis of its bringing about a modification in the osmotic absorp- 
tion of lime and magnesia, and that the toxic effects are chiefly brought about through 
this modification rather than a direct effect of the manganese itself. . . . The percent 
of lime is increased while the absorption of magnesium and phosphoric acid is decreased. . 

. . in practically every instance a modification of the mineral balance was observed and 
this was found to follow the same direction. . , . regardless of whether the plant showed 
a toxic effect. 

Gile (3) has noted a development of chlorosis on pineapple plants grown on calcareous 
soils in Porto Rico. He found the application of iron salts to the leaves to be very effective 
and to induce normal growth. 

Johnson (8) on the basis of Gile’s work applied solutions of iron salts to the leaves of 
pineapple plants suffering from chlorosis on the manganiferous areas in Hawaii and noted a 
return of the plant to normal growth. While he appears to have published no record of 
laboratory investigations he concluded that the chlorosis was due to a locking up of the iron 
by the manganese in an unavailable form in the soil. By a recalculation of a selected part 
of Kelley’s data he then proceeded to substantiate his interpretation by showmg a lower 
iron content in those plants which had become chlorotic. A study of Kelley’s data in lolo (9) 
does not indicate such to be true. The iron content of the ash of all plants analyzed shows 
Considerable variation but no consistant relation to the manganese content of the soil. This 
is especially true of the pineapple plant of which Kelley made four analyses and of which only 
one, that cited by Johnson, showed an appreciably lower iron content in the plant grown on 
manganese soil as compared to that grown on a normal soil. 

In a recent study on the nature of acidity in Hawaiian soils the writer has noted certain 
peculiarities which may throiv some light on the chlorosis of pineapple leaves growm on these 
manganiferous areas. Hawaiian soils are usually acid in reaction although they are character- 
istically basic, that is very high in iron, aluminum and manganese oxides which are often in 
excess of silica. The iron content of these soils, expressed as FcaOs, varies greatly and usually 
falls within the range of 20-30 per cent. This is true of the manganiferous areas as well as 
other tj’pes. 
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In a study of the relative acidity in manganiferous and non-manganiferous 
types, samples of soil and subsoil were taken representing both types. The 
acidity expressed as pH is given in table 1. 

The manganese content of the nonmanganiferous samples was not deter- 
mined but soils from the locality usually contain less than .5 per cent Mn304. 
The characteristic color of the manganese type is a chocolate brown changing 
to a red subsoil at 8-12 inches. The lower manganese content of the subsoil 
is typical. The subsoil samples represent the depth below change of color 
to two feet. With change of color there is also a notable change in physical 
texture. The top soil contains a higher silt and fine sand content and may 
be classed as a silty loam while the subsoil merges into a clay loam. This 
may be attributed to the deposition of manganese upon the soil grains thereby 
increasing their size. It is typical of the manganese type that the manganese 
is present as Mn 02 in the form of concretions or deposited as a film on the 
surface of the soil grains. 


TABLE 1 

Showing acidity of two soil types expressed as pH 


NATORE 0? SOIL 

SDRPACE SOIL 

SUBSOIL 

MnjOi content 

Reaction 

MnaO* content 

Reaction 


per cent 

! pS 

Per cent 

PU 

f 

7.3 

5.9 

3.5 

6.5 

Manganiferous ^ 

4.5 

5.9 

3.0 

6.7 

1 

4.7 

6.0 

3.9 

6.7 

1 


6.6 


6.5 

Nonmanganiferous ^ 


5.9 


6.1 

i 


4.5 


4.3 


The interaction between metalHc elements in solution is governed, theoret- 
ically at least, by their relative positions in the electromotive series, each 
element replacing another standing lower in the series until a certain equilib- 
rium is reached. The relative position of the more important elements 
present in the soil is as follows; potassium, sodium, calcium, magnesium, alumi- 
num, manganese, iron. It must be admitted however that in a soil other 
factors such as hydrolytic action, basic replacement and double decomposi- 
tion must be considered. Yet it is evident from the above that iron standing 
lowest in the series should be present in less concentration in the soil solution 
and that calcium and aluminum should exercise a greater displacing action 
than manganese, being higher in the scries, and should further displace man- 
ganese itself. 

In studying the relative solubility of iron and magancse in these acid 
soils it was found that iron salts were present in highest concentration ni 
those soils of pH 5.5 or lower. That manganese is a factor principally in 
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those soils of pH 5.5 or higher. This applies to all types regardless of the 
actual manganese present in the soil That is whether high or low. 

Now with commercially grown crops here in the islands those which ap- 
pear to produce normal growth on highly calcareous soils also grow with 
least disturbance on the manganiferous types. Reference is made to sugar 
cane and sisal {Agave Sisalana), more particularly the latter. Up until 
a recent date there were two sisal plantations on the island of Oahu. One 
was located in the coral areas practically devoid of soil and the other in the 
heart of the manganiferous areas. Plants grew normally in both but slightly 
better on the manganese soil due to better environment. Johnson has noted 

(8) that the calciphilous legumes are among the most strongly affected on 
manganese soils and claims that manganese is the cause of the chlorotic con- 
dition. He fails to point out however that Crotolaria, one of the most widely 
distributed legumes in the islands, grows luxuriantly on the manganese soils 

(9) . This seems more tenable from Truog’s work (10) in which he found all 
degrees of lime requirement in legumes as well as non-legumes. 

Gile (3) found that it was possible to obtain a normal growth of pineapples 
on a soil containing approximately 30 per cent lime by heavy fertilization 
with stable manure. Kelley (9) found the same to be true on the manganese 
soils. The manganese present in Hawaiian soils is extremely soluble in or- 
ganic acids. It hardly seems tenable that the fertility of these soils would 
be increased by heavy applications of organic fertilizers if the toxicity is due 
directly to manganese. 

In studying the relation of iron, aluminum, manganese and lime to soil 
acidity in Hawaiian soils it was found that as compared to aluminum both 
iron and manganese appear to be only a small factor in determining the 
reaction. The aluminum content of these soils is approximately equal to 
that of iron but in measuring the solubility in dilute mineral acids and other 
weak solvents aluminum is dissolved in considerable excess, This also is 
in agreement with the respectiv'C position of these elements in the electromo- 
tive series. Also there is a direct relation between the solubility of lime and 
acidity. Table 2 shows the relation between the per cent of lime soluble in 
water saturated with CO3 (shaking 1 part soil to 5 parts water) and the soil 
reaction. 

Table 2 might be taken to indicate that lime is closely related 
to the concentration of the elements iron, aluminum and manganese 
in the soil solution of Hawaiian soils. Kelley (9) claimed that these man- 
ganese areas are of alluvial origin, that the manganese has been brought into 
solution by leaching and ultimately deposited in the low lying pockets. This 
theory is born out by the sporadic occurrence of the manganese spots which 
are usually lower than the surrounding non-manga niferous types. Judging 
from their respective positions in the electromotive series it is evident that 
the lime present in the soil solution is the principle factor in this deposition 
of manganese. It is usually present in excess of all other elements lu the 
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soil solution and water extracts of Hawaiian soils. This further explains 
the lower hydrogen-ion concentration in the subsoils of manganiferous types. 
By replacement of manganese the concentration of calcium in the soil solu- 
tion is increased. Because of the loose texture of this soil type this solution 
passes easily from the top soil into the subsoil. The humus content of these 
soils is very low. The hydrogen-ion concentration appears to be due princi- 
pally to the presence of acid-reacting silicates. The lime is fixed in the sub- 
soil by these acid aluminum silicates forming silicates of lesser acid tenden- 
cies. On determining the solubility of lime in C02-saturated water the 
results shown in table 3 were obtained with the three manganese soils and 
subsoils. 

These results appear to indicate the presence of silicates of lesser acid 
tendencies in the subsoil. It will be noted that the solubility in the subsoil 
is lower than the soil yet the hydrogen ion concentration is lower. The 


TABLE 2 

Relation of lime to pH values of typical Hawaiian soils 


Soil No 

848 

367 

399 

765 

186 

621 

722 

872 

i 

Per cent of CaO . . . 

0.008 

0.009 

0.013 

0,015 

0.017 

0.023 

0.033 

0.081 

0.131 

pH values 

4.63 

4.88 

4.97 

5,66 

5.73 

5.98 

7.00 

7.67 

8.01 


TABLE 3 

Relation of solubility of CaO in soil and subsoil 



sorL I 

SOIL 2 

soa 3 

! 

Top soil 

Subsoil 

Top soil 

‘Subsoil 

Top soil 

Subsoil 

Per cent of CaO 

0.023 

i 0.017 1 

0.015 

0.010 

0.028 

0.022 

pH values 

5.9 

1 6.5 i 

I 

5.6 

6.7 

6.0 

6.7 


higher solubility of lime in the manganese soils as compared to the normal 
red sod is typical. This greater solubility of lime, the activity toward the 
replacement by calcium of manganese, aluminum and iron in solution, the 
open texture and good aeration in such types which assures a ready supply 
of air and carbon dioxide for the solution of calcium as bicarbonate appear 
to be important factors in the chlorosis of pineapple plants grown on this 
soil type. It might also be mentioned at this point that pineapple roots are 
almost entirely confined to the surface soil. Also that the development of 
chlorosis usually follows liming even on the more acid island soils. 

Wilcox and Kelley (11) in an anatomical examination of the physiological 
disturbances in plants grown on manganese soils noted a superabundance 
of calcium oxalate crystals in the chlorotic pineapple leaves. The chemical 
analysis of leaves has also shown a markedly higher lime content as compared 
to the normal green leaves. 
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AVAILABILITY OF IRON 

Comber (2) has developed a qualitative test for soil acidity in which he 
shakes the soil with a solution of KSCN in alcohol. By increasing the concen- 
tration of Fe(SCN )3 in the liquid phase by the use of this solvent he obtains 
a very delicate test for iron indicating the presence of acid reacting salts of 
this element and aluminum. The delicacy of this test is further increased 
by using an ether-alcohol solvent for the reagent. As thus applied to the 
manganese soils all showed a positive test for iron in solution. The depth 
of color is just as great as in the nonmanganiferous soils of equal hydrogen- 
ion concentration. One difference was noted however. The color of the 
test gradually fades in those soils of pH 6.0 or higher to a greenish blue. This 
is due to the presence of manganese as dioxide and not to the presence of 
manganese salts in solution. This was noted in the normal soils containing 
as low as .4 per cent MnOs and was produced in a soil of pH 4.3 by the addi- 
tion of Mn 02 but not by the addition of any amount of manganese salts. 

Comber (2) attributes this reaction to a double decomposition while Carr 
(1) suggests the actual solution of iron and aluminum which existed previously 
as colloidal basic salts. In either case the test indicates the presence of iron 
in readily available form in the manganiferous t 3 ^pe and that Mn 02 does not 
hold the iron in an unavailable combination. 

MOBILITY OF IRON 

In a very thorough study of the availability of iron and its mobility in the 
plant, Gile and Carrero (4, 5, 6, 7) have shown certain factors to greatly 
influence the mobility of iron in the leaves. They found that chlorotic leaves 
on calcareous soils when restored to normal color by spraying with iron salts 
do not transfer this iron to new leaves but the new leaves must be sprayed 
in order to maintain the green color of the plant as a whole. That is to say, 
with the withering of the old leaves the iron is not transported to the new. 
In the commercial spraying of pineapple plants of Hawaii which is success- 
fully practised on an extensive economic scale, plants grown on all soils show 
a response to spraying with solutions of ferrous sulfate. Of course, this is 
most marked on the manganese soils where the chlorotic condition is more 
prevalent. Also the spraying must be continued at intervals throughout 
the life of the plant. These facts clearly indicate the low mobility of iron 
even in the normal pineapple plants. 

CONCLUSIONS 

It is believed that the forgoing results indicate that the chlorosis of pine- 
apple leaves on plants grown on manganese soils is due to a greater assimila- 
tion of lime indirectly caused by the presence of manganese in excesshe 
amounts in the soil. 
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That the principal physiological disturbance is the greater immobility of 
iron in the plant resulting from the excessive lime content of the leaves and 
stalk and the low rate of mobility of iron even in normal pineapple leaves. 

Iron is shown to be present in equally available form in both manganiferous 
and nonmanganiferous soil t3q)es of equal hydrogendon concentration. The 
fact that the addition of soluble iron salts to the soil is without effect and 
that new leaves must be sprayed indicates lack of mobility in the plant to 
be the principle inhibiting factor. 

It is not denied that manganese under certain conditions may exert a toxic 
effect on plants. Numerous references in literature tell of such. This is 
especially true in water and sand cultures carried on in the absence of the 
complexities of soil environment. Also it is recognized that manganese 
may displace iron in solution in water and sand cultures. The relative posi- 
tions in the electromotive series proves this, but it also indicates that lime 
functions as such with relatively greater activity. 
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The color of soils is one of the most important characteristics upon which 
their classification depends. But soil colors are not readily determined. 
There are no definite standards which may be utilized as a basis for com- 
parison when soils are mapped. 

In an earlier publication (1) attention was called to the difficulties which 
soil surveyors encounter in the field, when they are mapping, because of color 
variations in soils and uncertainty regarding the exact meaning of the terms 
used in color descriptions. It was shown in a study of several soil types, that 
descriptions of soil colors, as given by different men, vary considerably, 
particularly when light colored soils are described. The personal equation 
seems to play an important part in the descriptions. But there are other 
factors involved. The lack of a definite terminology for soil colors causes a 
groping for the right descriptive terms and hence long uncertain descriptions 
are often given especially for light colored types. Then too, the seasonal 
conditions seems to play a part for the same man may describe the same 
type somewhat differently in a different season. Hence the question is raised 
whether descriptions of soil colors should be based on air-dry samples or on field 
observations. 

The official descriptions of soil series as given by the Bureau of Soil are based 
on air-dry samples but the soil survey reports give the color descriptions de- 
vised by the field men from their actual observations in the field. In other 
words the surveyors map and describe soils as they find them in the field, that 
is, with varying amounts of moisture, depending on the seasonal conditions. In 
future work it seems probable that the same practice will be continued owing 
to the impossibility of mapping soils on an air- dry basis. 

It is obvious, then, that one of the first steps necessary in the solution of the 
problem of soil color is the determination of the effects of varying moisture 
content on the color and particularly on the color descriptions of various 
soils. Later it will of course be necessary to work out better terms to use in 
describing soOs and to adopt color charts which may be used in the field. But 
the moisture problem must be solved first. 

1 Member of the Committee on SoU Color Standards of the American A>sodation of Soil 
Survey Workers, 
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It is quite generally recognized that moisture exerts a very important influ- 
ence on soil color. Soils in an air-dry condition are known to be lighter than 
when wetj the depth of color increasing with increases in moisture, up to a cer- 
tain point. It is believed also that dark colored soils show greater change 
in color with variations in moisture, than do Kght colored types. However, 
the real effect of moisture on soil color has ngt been determined and it is not 
known whether or not there is any definite relation between the two. 

The purpose of the work reported in this paper was to study briefly and pre- 
liminarily the effect of varying moisture content on the actual color of two soil 
types which occur rather extensively in Iowa. The differences in color are 
shown in plate 1. The variations in descriptions, using the colors given by 
Ridgway (2) are shown in the tables. 


TABLE i 
Clinton silt loam 


MOISTCM 
CONTEOT 1 

coLoa OF surface son (rtdgway’s colors) 

COLOR OF SUBSOIL (rIDGWAY’s COLORS) 

per cent 

Air-dry 

Avellaneous, slightly yellow 

Warm buff 

10 

Tawney Olive, slightly light 

Cinnamon buff 

20 

Saccardos Umber, slightly light 

Tawney olive, slightly light 

30 

Saccardos Umber, slightly dark 

Tawney olive 

40 

Saccardos Umber, slightly dark 

Tawney olive 


TABLE 2 
Tama HU loam 


MOISTURE 

coNTEjrr 

COLOR OF SURFACE SOIL (RIDGWAy's COLORS) 

COLOR OF SUBSOIL (RIDGWAY's COLORS) 

per cent 

Air-dry 

Drab, slightly dark 

Finkish buff 

10 ! 

Buffy Brown, dark 

Clay color, light 

20 

Olive Brown, dark 

Tawney olive, dark 

30 

Clove Brown, light 

Saccardos umber 

40 ■ 

Clove Brown, light 

Saccardos umber 


The soils studied were the Clinton silt loam, a light colored type and the 
Tama silt loam a dark colored soil. Both soils are of loessial origin, the former 
being formed under limbered conditions, while the latter has developed on the 
prairies. Samples of these soils were chosen which were as closely typical of 
the t>q)cs as it is possible to secure. 

The colors of the surface soil and of the subsoil samples were carefully noted 
under uniform light conditions. The colors were determined on the air-dry 
soils and on samples containing 10, 20, 30 and 40 per cent moisture. Con- 
siderable difficulty was experienced in selecting terms from Ridgway ’s colors 
which really expressed the color of the soils. There seems to be too wide an 
interval between the colors given by Ridgway to permit of definite description. 
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Thus the color of the surface soil of the Clinton silt loam in an air-dry con- 
dition was nearest Avdlaneous but there was a slightly yellowish cast to the 
color. With 10 per cent moisture, the color of the soil was slightly light for 
Ridgway’s Ta'mney Olive. In the tables therefore, Ridway’s terms arc modi- 
fied to fit more closely the soil colors. 

The reproduction of the various colors was accomplished with considerable 
difficulty by the use of oils and many attempts were made before the colors 
could be reproduced accurately. With experience, excellent results could 
undoubtedly be secured more readily. 

Examining the results given in the tables and in the figures, it will be noted 
that with both soils, the color becomes darker as the moisture content 
increases until 30 per cent is reached. Beyond that point there is little 
change. It is interesting to note that the Clinton silt loam, with 20 per cent 
of moisture resembles closely the Tama silt loam in an air-dry condition. When 
it contains 30 per cent moisture it is very nearly the color of the Tama 
with 10 per cent. If this is true for soils which are typical, it can readily be 
conceived that there might be a greater overlapping when variations within 
the soils are considered. For example the darkest Clinton silt loam and the 
lightest Tama would overlap much further when the moisture content was 
dffierent. Other soil types likewise might show marked similarity with 
different conditions of moisture whereas they would be quite different when in 
an air-dry condition. 

Of course the field man makes some allowance for the ever-changing mois- 
ture factor but it is extremely doubtful if men can consistently do this 
from month to month and year to year with nothing more tangible to 
check against than their own individual interpretation of color descriptions. 

The degree of color change between the soil in an air-dry condition and ^vith 
10, 20 and 30 per cent moisture is more pronounced in the case of the Tama silt 
loam than with the Clinton. This would seem to indicate that the darker 
colored soils or those richer in organic matter show greater variations in color 
with changing moisture conditions. The color change however is not uniform. 
ISlot only is the color darkened with more moisture but different shades and 
tints are brought out. This is more noticeable in the light colored soil. 

It seems evident from this brief study that the moisture factor may play a 
most important part in determining the color of soils and in the descriptions 
which are given in the survey reports. The need for a definite understanding of 
the significance of the moisture factor in field soils \vhen they are being mapped 
is obvious. The field men should probably be provided with color charts 
showing the color of the typical soils with varpng moisture content, 10, 20 
and 30 per cent, and also air-dry. In this way the personal equation factor 
would operate only to the extent that the surveyor would need to judge of the 
the moisture content. This he could undoubtedly do quite accurately and 
certainly he would be able to fix the soil color much more definitely than if he is 
obliged to guess at the probable color of the soil, if the moisture content were 
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lower or higher, as it might have been a day or two previous. Perhaps with 
further study, it may be possible to fix on definite colors with 10 and 30 per cent 
moisture, the intermediate content not being of sufficient effect to warrant 
consideration. If this is possible, the problem will be much simplified for these 
amounts would be easily translated by the field man into “dry” and “moist” 
and he could readily make a differentiation. Further work is of course 
necessary before such a solution of the problem of moisture and soil-color 
is possible. The effects of smaller differences in moisture than those used here 
must be tested. A wide variety of soils must be examined as the types 
used in this work may not indicate the results which may be secured wth 
other light colored and dark colored soils. Further, more comprehensive study 
of moisture effects on soil color is certainly very desirable. 

The adoption of more definite terms for describing soil color is also quite 
evidently necessary. Ridgway’s color standards are good as far as they go but 
the differences between his colors are too great. Then, too, the terms which he 
uses are cumbersome, meaningless and useless from the practical standpoint. 
The color names selected by the Color Standards Committee of the American 
Association of Soil Survey Workers are much better but they are not nearly 
complete enough to be satisfactory. It is hoped that further work by this 
committee may lead to the adoption of a complete and reasonably simple 
method of describing soil colors. 

Definite conclusions of course cannot be drawn from the meager data pre- 
sented here but it is hoped that the report may serve to stimulate further study 
along this line and to hasten the time when soil colors may be more definitely 
described and the field men may experience less difficulty in mapping soils and 
in describing them. 
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The amounts of organic phosphorus in soils are so considerable that their 
significance and possible application to practical agriculture cannot be over- 
looked. When 30 to 40 per cent of the total soil phosphorus is found in or- 
ganic combination, its importance becomes apparent (3). The compounds 
in which phosphorus is combined in plants are quite well known and have 
been the starting point for several theories as to their final transformation; 
however, aside from the isolation of nucleic acid by Shorey (19) and lecithin 
by Aso (2), practically nothing has been done in the way of their identification 
in soils. 

Very large amounts of organic phosphorus must be added to soils each year from plant 
growth. Nucleic acid is an important constitutent of ever>’ living cell. Maclean (12) 
states that the phosphatides appear to be present in every animal and vegetable cell sofar 
investigated. However, Plimmer (15) in classifying the organic phosphorus compounds says 
‘Thospholipins of which lecithin is the principal one, occur chiefly in animals and only to a 
small extent in plants.” Aso (2) in summing up his work on organic phosphorus compounds 
in soils says “The quantity of lecithin is small so it cannot be taken into serious consideration.” 
So far phytin has not been isolated from soils. Quite large amounts of this compound occur 
in seeds. Suzuki and Yoshimura (22) found 85 per cent of the phosphorus in clover to be 
phytin. Briefly then quite large amounts of nucleic acid and phytin and relatively small 
amounts of phosphatides are added to soils. 

Gortner and Shaw (8) suggested that part, if not all, of the organic phosphorus compounds 
found in soils was extracted from living bacteria or protozoa. 

Waksman (23), (24) found the highest bacterial number of any time of the year was 
2I,V00;0OO per gram of soil; cilia tes and amoeba, 10 to 100 per gram; and flagellates 1,000 to 

10.000 per gram. Waksman and Curtis (25) found the average number of actinomyces to be 

933.000 per gram. Calculating the weight of all the bacteria in the surface soil of an acre 
according to the figures given by Marshall (14) and using 1.3 per cent phosphorus as an aver- 
age on the dry weight, only approximately .09 pounds of phosphorus can be accounted for. 
Using Marshall’s figures again, and calculating the A’olume of organisms necessary^ to represent 
300 pounds of organic phosphorus, there would be required in the surface alone a solid layer 
of living organisms 2.64 inches deep over the entire acre. Cariyung the redudio ad ahsurdum 
still farther to include all organisms, assuming a 20 per cent dr\- matter content and a 1.3 per 
Cent phosphorus content, there would be required for the 1566.22 pounds of organic phosphorus 
in all three depths of soil no. 4 (3) a solid layer of Ihdng organisms over 3 inches thick covering 

^The author feels indebted to Dr. P. E. Brown for helpful suggestions in correcting and 
editing this manuscript; also to Dr. Paul Emerson and Dr. H. W . Johnson for many kind and 
pertinent suggestions during the carrying out of this work. 
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the entire acre. The latter allows for no space between organisms. If this be taken into 
account, the figures would necessarily be greater. Some large amounts of organic phosphorus 
are found in poor soils where the bacterial count would be low and in subsoils where it is gen- 
erally conceded that IKing organisms are few. There must be some other source of organic 
phosphorus than living organisms. 

Moreover, the ease of hydrolysis of nucleic acid, phytin, and lecithin would seem to 
eliminate them from consideration as making up any considerable portion of the large amount 
of organic phosphorus found in some cases. Nucleic acid is easily hydrolyzed by certain 
organisms (10). Lecithin is easily broken down by acids or bases, and phytin is quickly 
hydrolyzed by phytase (1), Then, too, nucleic acid, phytin, and lecithin are readily available 
to plants (20), which fact further removes them from consideration as a possible form of 
accumulated unavailable phosphorus. 

It has been a rather generally accepted fact that soil organisms serve as a medium for 
storage of plant food. In reality it is doubtful if they are very important in this way. Even 
if their entire mass contained enough plant food to be of consequence it would be in the living 
organism and unavailable at the time when the plant most needed it. 

It has been suggested by Potter and Benton (16) that perhaps the accumulation of organic 
phosphorus was due to pyrimidine nucleotides. This theory originated because of the simi- 
larity of the curves of hydrolysis of nucleic acid and ammonia extracts of soil. The theory 
was further substantiated by SeboUenberger (18). No attempt has been made to determine 
nucleotides or nucleic acid in soil quantitatively. Funatsu (7) incubated nucleoprolein 
from beer yeast in sand cultures and found only 39 per cent of the phosphorus hydrolyzed 
in two months. The fact that nucleic acid was found in sods speaks well for the technique of 
the investigators and was a splendid piece of work, but in \iew of the very small amounts of 
nucleic acid or of its hydrolytic products, the purines and pyrimidines and in consideration of 
facts to appear later in this paper, there seems to be good evidence to indicate that nucleic 
acid does not accumulate in soils, either as such or as the pyrimidine half of the molecule. 

Although Fraps (6) rendered untenable the assertion of Stewart (21) that the increase 
in soluble phosphorus after heating is organic and quantitative it seems that, although perhaps 
not absolutely quantitative, Schraoeger’s (17) idea that heating liberated phosphorus from 
organic combination, has good foundation. 

Briefly summing up the generally accepted facts based on work done up 
to this time: 

1. Organic phosphorus in considerable amounts exists in soils. 

2. An apparently satisfactory method for estimating organic phosphorus 
in ammonia extracts has been developed. 

3. Phosphorus exists in soils as phospholipins, nucleic acid, and considering 
the amounts added probably as some phytin; perhaps, also, as an accumulation 
of pyrimidine nucleotides. 


EXPERIMENTAL 


The following experiments were carried out with the idea of making a 
critical study, first, of the method of Potter and Benton; second, to determine 
whether organic phosphorus in soils is in chemical combination or adsorbed; 
third, to discover if possible the nature of the organic phosphorus compounds. 


The soil selected was Jackson silt loam. This particular soil was selected because of i^ 
high content of organic phosphorus; then, too, because of its low organic matter content it 
gave a more easily filterable ammonia extract. The soil is described as follows: ‘The surface 
soil is a light-brown, smooth, silt loam to a d<;pth of 8-12 inches and passes into a yellowish* 
brown silty clay loam to silty clay. The subsoil is rather compact.” The application o 
lime where the soil is acid and of phosplionis and organic matter gives good results. 
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In. this section of the experimental work 200 gm. of soil were shaken for one hour with 1 
per cent hydrochloric acid, filtered, washed, dried, reground, and shaken for 8 hours with 500 
cc. of 4 per cent ammonia. The soU was separated from the extract by means of a separator 
running at a speed of 20,000-25,000 R.P.M. The method of determining organic phosphorus 
on this extract was that used in the previous experiments (3). 

It has been noted that phosphorus is separated from guanine with some 
difficulty when isolating the purines or nucleic acid. It was thought possible 
that the purines or pyrimidines, existing in soils as a result of the hydrolysis 
of nucleic acid, might be dissolved in the ammonia extract and, when magnesia 
mixture was added, form, with the organic matter, a complex magnesium 
purine or pyrimidine phosphate. The inorganic phosphorus would thus be 
removed from solution in a form which would not be redissolved by dilute 
nitric acid and in consequence be calculated as organic. In order to test this 
supposition, various amounts of the purine and pyrimidines (isolated from 
yeast nucleic acid) were added to 100 cc. portions of the ammonia extract and 
the usual procedure for determining organic phosphorus carried out. The 
precipitates from magnesia mixture after having been washed with dilute 
nitric acid were analyzed for total phoshorus by the usual magnesium nitrate 
method. Such a voluminous precipitate was secured and it was of such a 
nature that although the washing with nitric acid was thorough, some inor- 
ganic phosphorus undoubtedly was left in an adsorbed state. The results 
secured can be considered only as comparative. The experiment was repeated 
using only guanine and xanthine. Concordant results were secured; but there 
was not enough difference to warrant the assumption that an organic phosphorus 
compound was formed during the precipitation mth. magnesia mixture. In 
fact in the first experiment the purines seemed to increase the magnesia pre- 
cipitate while in the second the guanine seemed to increase the amount of 
inorganic phosphorus. 

Table 1 shows the original experiment; table 2 the amino purine and oxy- 
puriiie test. It might well be stated that the results for phosphorus here as 
well as elsewere in this paper are given in their equivalent in cubic centimeters 
of 0.1 iV^ alkali. The total phosphorus on 100 cc. of extract was equivalent 
to 53,4 cc. of 0.1 alkali. The 25 cc. of phosphate solution was equivalent 
to 24.4 cc. of 0.1 N alkali. In table 5, 10 cc. of phosphate solution equivalent 
to 9.76 cc. of 0.1 N alkali were used. The purine and pyrimidines were pre- 
pared from yeast nucleic acid according to the Jones method (11). In the 
removal of picric acid from adenine it was found that a more satisfactory 
separation than the ether-acid procedure was secured by dissolving the adenine 
picrate in ammonia, precipitating it with silver nitrate, w'ashing and then 
boiling the well washed adenine silver sail with hydrochloric acid. The 
filtrate contained a known amount of the chloride and was diluted to the re- 
quired volume. Choline was prepared from egg lecithin by hydrolysis with 
baryta, precipitation with platinum chloride, and subsequent separation with 
hydrogen sulfide. 


SOIL 8CI.'';>X'E, VOL. XVI, KO. 4 
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TABLE 1 

Efect of various amounis of organic hoses on the 'phosphorus content of the washed magnesia 
mixture precipitate 


BASE ADDED TO 100 OC- SOIL EXTRACT PLUS 25 CC. PHOSPHATE SOLUTION* 


Kind 


Amount 


PHOSPHORUS 
AS 0.1 N ALKALINE 
EQUIVALENT 


Adenine 


Guamne . . 


Uracil, 


Cytosine 


Choline , 


Xanthine 


Hypoxanthine 


None, 


miin. 

cc. 

75 

41.8 

50 

39.7 

5 

38.7 

100 

40.4 

50 

37,1 

5 

39.9 

100 

40.6 

50 

42.1 

5 

43.1 

100 

42.6 

50 

44.1 

5 

43.0 

100 

43.5 

50 

43.8 

5 

46.7 

100 

49.0 

25 

45.9 

5 

45.1 

100 

43.5 

50 

47.0 

5 

44.0 


46.4 


* 25 CC. standard phosphate solution was equivalent to 24.4 cc. 0.1. V alkali. 


TABLE 2 

Phosphorus in HNOi extract of magnesia mixture precipitate 


SOIL EXTRACT 

BASE ADDED 

PHOSPHATE 
SOLUTION ADDED* 

PHOSPHATE 

equivalent in 0.1 A 
ALKALI 

Kind , 

Amount 

CC. 


mgm. 

Cl. 

CC. 

100 

Guanine 

50 

10 

21.3 

100 

Xanthine 

50 

10 

19.4 

100 

None 

None 


10.2 


* 10 cc. standard phosphate solution was equivalent to 9.76 cc. O.liV alkali. 
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The experiment shows that it is unlikely that the purines or pyrimidines 
even if present in the soil in large amounts, would influence the determination 
of organic phosphorus. 

In order to determine whether phosphorus was held in chemical combination 
in the ammonia extract or was simply adsorbed by colloids, equal amounts of 
the soil extract were treated with varying amounts of standard phosphate 
solution. The dilute nitric acid filtrate, the washed residue and the first 
filtrate from the magnesia precipitation were analyzed separately for phos- 
phorus. Table 3 gives the results. It may be seen that complete recovery 
was made of the phosphorus added. There was no increase in the phosphorus 
in the residues and the first filtrate showed a constant amount. It must be 
concluded that appreciable adsorption did not take place or complete recovery 
of the added phosphorus would not have resulted. Because of the increased 
concentration of phosphorns there would have been a difference between the 
25 cc. application and the 50 cc. application. 


TABLE 3 

Efecl of addins Phosphorus in different concentrations 


SOIL EXTRACT* 

STAND.fBD PHOSPHATE 
SOLUTION AQDEDt 

PHOSPHORUS EQUIVALENT IN CC. O.I N ALKALI 

HXOj filtrate 

Washed residue 

1 First filtrate 

CC. 

CC, 

cc. 

gm. 


SO 

25 

29.4 

14.7 

6.7 

50 

50 

53.9 

14.8 

6.7 


* 50 cc. soil extract contains 5.1 cc. phosphorus equivalent in O.liV alkali. 

1 25 cc. standard phosphorus contains 24.4 cc. phosphorus equivalent in O.IA^ alkali. 
50 cc. standard phosphorus contains 48.8 cc. phosphorus equivalent in O.IA^ alkali. 


There is another possibility in connection with the precipitation of inor- 
ganic phosphorus from ammonia extracts and that is the difference in pre- 
cipitating agents. It was decided to try out varying amounts of magnesia 
mixture in order to determine if the mass action of an increased magnesium 
ammonium content would increase the amount of inorganic phosphorus pre- 
cipitated. Saturated solutions of ammonium chloride and ammonium nitrate 
were also used as precipitants with interesting results. 

Table 4 shows the results secured with different amounts of magnesia 
mixture and with saturated solutions of ammonium chloride and ammonium 
nitrate. Figures for the inorganic phosphorus in the dilute nitric acid filtrate 
as well as for phosphorus on the washed magnesia mixture precipitate and on 
the first filtrate from the magnesia mixture precipitate are given. In column 
3 are the figures for the amounts of inorganic phosphorus found in the filtrates 
from ammonium chloride and ammonium nitrate precipitations. Table 4 
shows that the amount of magnesia mixture has very little effect in increasing 
the amount of inorganic phosphorus. In the case of the 10 cc. addition, the 
small amount affected the distribution between the nitric acid insoluble or- 
ganic and the soluble organic in the filtrate. The inorganic phosphorus con- 
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tent was not different from that secured by the addition of the large amounts. 
Very interesting results may be observed in the case of the ammonium salts. 
Here practically all of the inorganic phosphorus has been salted out along with 
the organic compounds. Very different results were anticipated; namely, that 
very little inorganic phosphorus would have been precipitated and much 
organic; but just the opposite occurred. Almost complete precipitation of 
inorganic phosphorus was accompUshed. The phosphorus which remained 
after filtration from the ammonium salts was equivalent to only 0.3 cc. 0.1 A 
alkali, in the case of ammonium chloride, and 0.55 cc. in the case of ammonium 
nitrate. The surprising thing about this precipitation with ammonium salts 
was the large amount of organic phosphorus left in solution as compared with 
that left in the case of magnesia mixture (a 22-cc. equivalent against a 6-cc. 
equivalent in the case of the extract precipitated with 50 cc. of magnesia mix- 
ture), nearly four times as much. Evidently magnesia mixture is a precipi- 
tant of the organic compounds but it failed to precipitate any of the large 

TABLE 4 ^ 

E^ect of diferent precipitants in varying amounts 


PEOSPHOEUS given IN TERMS OF 0.1 A ALKALI 


PRECIPITANT 

i 

Inorganic 

phosphorus 

Phosphorus 
in hrst 
filtrate 

Inorganic 
phosMorus 
in filtrate 
from am- 
monium 
salts 

Phosphorus 

residues 

10 cc. magnesia mixture 

cc. 

9.65 

cc. 

8.35 

cc. 

cc. 

35.4 

25 cc. magnesia mixture 

9.30 

6.4 


37.7 

50 cc. magnesia mixture 

9.9 

6.0 


37.5 

100 cc. magnesia mixture 

9.1 

6.8 


37.3 

.Saturated NH 4 CI 

8.45 ’ 

22.0 

0.3 

22.95 

Saturated NH 4 NOJ 

8.95 

22.0 i 

0.55 

22.45 



remaining amount after the salting out with ammonium salts. These facts 
prove quite conclusively that the phosphorus in ammonia extracts of soil is 
largely organic for were it inorganic it would have been precipitated by mag- 
nesia mixture even though large amounts of ammonia salts were present. The 
removal of so much troublesome organic material by salting out with ammo- 
nium salts, leaving so large a proportion of the organic phosphorus in the filtrate 
suggests a possible means of isolation of some of the organic phosphorus com- 
pounds; namely, dialysis of the ammonium salts and crystallization following 
evaporation and solution in suitable solvents. 

There seems to be no tendency for large amounts of magnesia mixture to 
increase the amounts of inorganic phosphorus. The variation in individual tests 
is so large that further work on a large number of samples will be necessary 
in order to settle this point. Any difference, however, is probably small. 

The precipitate formed by adding magnesia mixture to ammonia extracts 
is so voluminous in some cases and of such a nature that the possibility of its 
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adsorbing and enclosing phosphorus between its finely divided particles is 
worthy of consideration. One hundred cubic centimetres of ammonia extract 
was precipitated with magnesia mixture and the precipitate thoroughly washed 
with dilute nitric acid as in the regular method. The residue on the paper was 
shaken up with dilute nitric acid in an Erlenmeyer flask and again filtered and 
washed. This residue was then allowed to stand covered with 100 cc. of dis- 
tilled water for 24 hours. At the end of this time it was filtered and inorganic 
phosphorus very carefully determined on the filtrate. The residue was again 
allowed to stand with 100 cc. of distilled water for 10 days; then for six weeks. 
The inorganic phosphorus which diffused out is shown in table 5. 

It may be seen that in the case of sample 1 an amount of inorganic phos- 
phorus equivalent to 4.5 cc. 0.1 N alkali was diffused out of the precipitate. 
This of course in the regular procedure would be counted as organic. There is 
the possibility of this phosphorus having been hydrolyzed from the organic 
phosphorus compounds, inasmuch as the precipitate enclosed some nitric acid 
from the dilute nitric acid wash. The acid concentration in the second and 

TABLE 5 

Inorganic phosphorus diffused from washed residues 


0.1 N ALKALI EQUn'ALEMT TO PHOSPBOPUS DIFFUSED 


First period 
(48 hours) 

Second period 
(10 days) 

Third period 
(6 weeks) 

Total 

cc. 

CC. 

cc. 

cc. 

1.9 

1,4 

1.2 

4.5 

1.9 

1.7 

1.1 

4.7 

1.8 

1.3 

0.0 

3,1 


third periods, however, was very low. From an analytical point of view the 
presence of this phosphorus indicates the necessity of using an ammonia extract 
representing as small an amount of soil as is practical thus avoiding the 
voluminous precipitate. This inorganic phosphorus recovered represents 1 2 per 
cent of the total contained in the wTLshed magnesia mixture precipitate. If it 
is hydrolyzed from organic compounds it would not necessarily indicate an 
ease of hydrolysis of such compounds in soil inasmuch as the precipitation and 
various washings have changed its nature and probably freed it from retarding 
enzymatic factors. Old infertile soils sometimes have high ratios of organic 
to inorganic phosphorus which indicate a low availability of organic phos- 
phorus. The probabilities are that the 12 per cent recovered was largely 
inorganic adsorbed or enclosed. 

When the possibilities of organic phosphorus being in soils as nucleic acid, 
phytin, and lecithin are considered, the question immediately arises as to the 
rates of hydrolysis of these compounds. Are they able to withstand bacterial 
activities? In the case of nucleic acid is the pyrimidine half of the molecule 
resistant to enzymes? In order to settle this point, nucleic acid, phytin, and 
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lecithin were incubated in silica sand with soil infusion. The sand had pre- 
viously been digested for several days with hydrochloric acid, washed free of 
acid, and dried. By analysis it showed 99 per cent Si02. 

Table 6 shows the results. One hundred milligrams of nucleic acid, 100 
mgm. of phytin, and an amount of lecithin in absolute ether equivalent to 79.2 
cc. 0,1 AT alkali were mixed with 100 gm. of silica sand. The nucleic acid con- 
tained no inorganic phosphorus precipitable with magnesia mixture. The 
100 mgm. phytin contained phosphorus equivalent to 3.3 cc, 0.1 iV alkali. The 
lecithin contained in 20 cc, of the ether solution, inorganic phosphorus equiva- 
lent to 12 cc. 0.1 N alkali. The inoculated silica sand cultures were allowed 
to incubate at room temperatures and the inorganic phosphorus determined 
at one month intervals. 

The method used for determining inorganic phosphorus in nucleic acid cul- 
tures consisted in adding ammonia and 25 cc, of magnesia mixture and after 
standing over night filtering off the unchanged nucleic acid. The residue was 
thoroughly washed with water containing ammonia; then the inorganic mag- 
nesium ammonium phosphate was dissolved out with dilute nitric acid, the 


Nucleic acid 

Phytin 

Lecithin . . . . 


TABLE 6 

Hydrolysis of organic phosphorus compounds 


COMPOUNTJ 


AMOUNT HYDROLYZED AT END OF 


First month 

Second month 

Third month 

per cent 

per cent 

per cent 

80.7 

85.6 

85.04 

39.3 

64.9 

67.00 

56.9 

59.8 

66.00 


solution thoroughly oxidized and the phosphorus determined in the usual way 
by molybdate precipitation. Phytin was determined by the acid alcohol 
method of Forbes (5). It was necessary to work out a method for lecithin, 
and this was done as follows. Lecithin is insoluble in acetone. By using 10 
cc. of nitric acid (sp. gr, 1,42) per liter of acetone, a solvent was found which 
proved very successful in dissolving the inorganic phosphorus and any glycero- 
phosphoric acid. The mixtures of glycerophosphoric acid and phosphoric 
acid were taken as a measure of the hydrolytic power of the soil. The method 
was tested out as follows. Commerical lecithin was dissolved in alcohol, 
precipitate with acetone, dried and dissolved in absolute ether. Five cubic 
centimetres of this solution were added to about 50 gm. of silica sand and 
allowed to evaporate. The dried silica sand was then extracted with the acid 
acetone. An amount of inorganic phosphorus equivalent to 3 cc, of 0.1 N 
NaOH was obtained in the filtrate. Another 5-cc. portion of lecithin solution 
in sand was extracted with pure acetone and the extract evaporated. The resi- 
due was oxidized with nitric acid and the resulting solution after dilution and 
filtration tested for phosphorus in the usual way. An amount of phosphorus 
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equivulent to 3 cc. 0.1 iV NaOH was secured. This showed that the short 
extraction with acid acetone did not hydrolyze any appreciable amount of the 
lecithin. The small amount of inorganic phosphorus found in each case was 
evidently left from the purification process or hydrolyzed subsequently. In 
order to test the solubility of inorganic phosphorus in acid acetone, 25 cc. of 
standard phosphate solution, equivalent to 21.1 cc. 0.1 iV NaOH was evaporated 
to dryness and mixed with silica sand. Five cubic centimeters of lecithin 
solution in ether was next added and allowed to evaporate. Extraction of 
this sand mixture with acid acetone showed a complete recovery of both the 
inorganic phosphorus in the lecithin equivalent to 3 cc. 0.1 iV NaOH and that 
in the standard equivalent to 21.1 cc. 0.1 N NaOH. 

Table 6 shows that at the end of three months 85.04 per cent of the phos- 
phorus of nucleic acid has been changed to the inorganic form, 67 per cent of the 
phytin phosphorus, and 66 per cent of the lecithin phosphorus. 

Plant nucleic acid written structurally is shown below. 


OH 


0 = P — 0 ~r Pentose — Guanine 


/ 


0 = p — 0 “T Pentose — Adenine 

/ 


\ 

0 = I’ — 0 

/ 

0 


Pentose — Cytosine 


0 = P — 

/ 

OH 


0 — Pentose — Uracil 
I 
1 

i 


The horizontal dotted line divides the molecule into purine and pyrimidine 
nucleotides. The vertical line shows how phosphorus splits off on hydrolysis 
giving phosphoric acid and nucleosides. The latter process is probably w'^hat 
occurs in soils. The theory that pyrimidine nucleotides remain as such in 
soils cannot be a general truth for in the case of the incubation mentioned at 
least 70 per cent of the pyrimidine phosphorus has been split off from the mole- 
cule. In the case of phytin and lecithin the hydrolysis proceeded rapidly 
and probably in soils under conditions of drainage and aeration would rapidly 
approach completion. No doubt there are always small amounts of all three 
compounds in most soils. Nucleic acid has unquestionably been isolated as 
has lecithin, though in small amounts. Phytin has so far not been isolated. 
None of these compounds or their hydrolytic products are difficult to isolate 
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if present in large quantities. Were 300 pounds of phosphorus to be calculated 
to either of the pyrimidine nucleotides, there would be about 3000 pounds of 
cytosine or uracil nucleotide in an acre representing 1000 pounds of either 
cytosine or uracil. Were the bases in equal amounts, there would be 500 pounds 
of each in the surface soil of an acre, an amount which could not fail of 
detection. 

Twenty kilograms of Jackson silt loam were extracted with ammonia 
following HCl extraction and the ammonia extract hydrolyzed with sulfuric 
acid. The resulting hydrolyzed mixture was treated for the isolation of 
purines and pyrimidines. The characteristic silver purine and pyrimidine 
precipitates were noted, but the amounts were so small as to render isolation 
and identification impossible. Hypoxanthine was isolated in very small 
amounts from the hydrochloric acid extract. 

Maillard (13) in 1912 found that carbohydrates and amino acids may be 
condensed to form a humusdike substance. This artificial humus is soluble 
in ammonia and may be reprecipitated by acids. The following experiment 
was conducted to ascertain whether phosphorus, too, could be made to combine 
in the condensation product. Sixteen grams dextrose, 4 gm. alanine, 0.5 gm. 
Na 2 HP 04 T 2 H 2 O and 16 gm. water were heated for 3 hours in a steam pressure 
oven at 25 pounds pressure. A dark brown brittle substance was obtained 
which was treated for organic phosphorus by the Potter and Benton method. 
The ammonia extract of this artificial humus was black and resembled the soil 
extract. One hundred cubic centimeters of it gave total phosphorus equiva- 
lent to 14.9 cc. 0.1 A NaOH, An equal aliquot contained inorganic phos- 
phorus equivalent to 4.5 cc. 0.1 A NaOH. A large amount of the phosphorus 
had been condensed with the complex molecule and could not be precipitated 
with magnesia mixture. 

Dextrose and alanine refluxed for 15 hours at 100°C. gave the same black 
residue to which in ammonia solution phosphorus was added. Upon the addi- 
tion of magnesia mixture the phosphorus was completely recovered. One hun- 
dred cubic centimetres of the same ammonia solution of artificial humus con- 
taining 25 cc. of standard phosphate solution was acidified with hydrochloric 
acid; then made alkaline with ammonia and precipitated with magnesia mix- 
ture. The same was repeated except that the standard phosphate solution 
was added after acidifying. In both cases complete recovery of phosphorus 
resulted. These tests were made to ascertain whether the phosphorus was 
absorbed from the acid solution as would be the condition in the preliminary 
acid extraction. Very probably the organic phosphorus is present in soils as 
the calcium, magnesium, iron, or aluminum salts of the phosphorus, carbohy- 
drate, amino acid complex and not absorbed from the phosphoric acid liber- 
ated by the hydrochloric acid from inorganic phosphorus salts. There are two 
possibilities at least, (a) that the organic phosphorus is formed under conditions 
existing when the hydrochloric acid liberates inorganic phosphorus from inor- 
ganic salts or (b) that it exists as the calcium salt of the organic phosphorus 
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complex which when the calcium is removed becomes soluble because of the 
formation of the ammonium salt. It is a well known fact that without 
previous acid extraction ammonia will dissolve very little organic phosphoric 
acid; but after HCl extraction practically all of it is dissolved. It seems very 
reasonable to infer that the organic phosphorus exists as organic in the soil 
and is not formed under the conditions of the experiments. 

Another interesting observation was made of the artificial humus. Since 
the condensation between dextrose and alanine went on rather slowly at lOO^C., 
tests were made from time to time. The product first formed was readily sol- 
uble in ammonia as well as in acids. As the condensation w'ent on and the 
product became more and more complex, while it remained soluble in ammonia, 
it became insoluble in acids. At the end of the process the mixture might have 
been divided into three parts: ammonia insoluble, ammonia soluble but acid 
insoluble, and ammonia and add soluble. The ammonia insoluble corre- 
sponds to humin, the ammonia soluble acid insoluble to humus, and the red 
acid soluble portion to Mulders apocrenic acid. 

Beckley (4) has recently written a very interesting article on the formation 
of humus. He points out that cellulose broken down into its components is 
changed to hydroxymethyl furfural and this in turn condenses to form humus. 

Hibbert (9) suggests a formula for cellulose and explains why oxy celluloses 
are either alkali soluble or alkali insoluble. His formulae below show how by 
oxidation the carboxy- or alkali-soluble oxycellulose is formed in one case and 
the ketonic or alkali-insoluble form in the other. 


H 

/ 

HC— OH 


I 

CH— C— fl - 

/ \ \ 

/ 0 0 

/ \/ 

CHOH— CHOH— CH 


0 , 


CH 

/\ 

/ \ 

/ 0 


CHOH— CHOH— CH 


COOH 

CH 

/ 

0 


H 

/ 

HC-OH 

/ 

CH-C-H 


/ \ \ 
/ \/ 
CHOH — C~CH 


0 
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Hibbert also explains the process of changing cellulose to hydroxymethyl 
furfural. Cellulose hydrolyzes quantitatively to give dextrose. The relation- 
ship between dextrose and the cellulose nucleus Hibbert graphically repre- 
sents as below. 


H 

C 


CH2OH 


-CH 

"0 


OH 



CHOH— CHOH-CHO 


H 


dextrose 


CH 2 OH 

I 

CH CH -0 



CHOH-CHOH-CH 


celtidose nucleus 


By heating, cellulose is partially converted into w hydroxymethyl furfural 

CH 2 OH 

I 

CH==C 

I I 

1 ? 

CH=C— CHO 


According to Beckley (4) humus is formed by polymerization or condensa- 
tion of this compound. We can then easily follow the formation of humus from 
cellulose. It is not difficult to conceive of a complex condensation product 
which has both hydroxyl groups and carboxyl groups and which might easily 
condense or combine with phosphoric, sulfuric or other acids and at the same 
time form a calcium salt. It seems very likely that humus is such a complex. 
As humus ages it becomes more complex. Phosphoric acid and other elements 
become buried, so to speak, in the complex molecule and as a consequence are 
less available. The liberation of phosphoric acid from the carbonaceous com- 
plex is probably dependent for the most part in the older humus to oxidation. 
In the younger formations no doubt hydrolysis plays a part. These deductions 
throw some light on the organic phosphorus situation. Phosphorus locked up 
in organic combination in old soils is less available and remains while the 
inorganic phosphorous and more available organic are used up by plants or 
leached; hence the increase in the ratio of organic to total. We may, too, 
explain the hydrolysis curve of ammonia extracts. The more simple complex 
gives up its phosphorus more readily than does the more complex; hence the 
similarity to nucleic acid. 

CONCLUSIONS 

1. Organic phosphorus exists in large amounts in soils and may be deter- 
mined with a fair degree of accuracy by the Potter and Benton method. 
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2. Organic phosphorus probably does not exist in any considerable amount 
as nucleic acid, phytin, or lecithin. 

3. Organic phosphorus in soils is probably not an accumulation of pyrimi- 
dine nudeotides. 

4. Organic phosphorus compounds added to soils are probably hydrolyzed 
and the inorganic phosphorus combined in a calcium-magnesium or other 
metal salt of an organic amphoteric complex. 

REFERENCES 

(1) Anuekson, R. J. 1915 The hydrolysis of phytin by the enzyme phytase contained 

in wheat bran. In Jour. Bio. Chem., v. 20, 475. 

(2) Aso, K. 1904 On organic compounds of phosphorus in soils. In Bui. Col. Agr. 

Tokio Imp. Univ. (Japan), 6, p. 277-284. 

(3) Auten, J. T. 1922 The organic phosphorus content of some Iowa soils. In Soil 

Sci., V. 13; p. 119-124. 

(4) Beckley, V. A. 1921 The formation of humus. In Jour, Agr. Sci., v. 11, p. 69-77. 

(5) Forbes, E. B., Lehmann, A., Coluson, R. C., Whittier, A. C. 1910 Methods for 

the quantitative estimation of inorganic phosphorus in vegetable and animal 
substances. Ohio Agr. Exp. Sta. Bui. 215. 

(6) Feaps, G. S 1911 Organic phosphorus of soils, Tex. Agr. Exp. Sta. Bui. 136. 

(7) Funatsu, T. 1908 On different forms of phosphoric acid in press Cake. 7n Bui, of 

Col. of Agr. Tokio Imp. Univ. (Japanh v. 7; p. 457-459. 

(8) Gortner, R. A., AND Shaw, W. M. 1916 The organic matter of the soil. IV. Some 

data on humus phosphoric acid. In Soil Sci., v. 3, p. 99. 

(9) Hibbert, H. 1921 The constitution of cellulose. In Jour. Indus, and Engin, Chem., 

V. 13, no. 4, p. 334r^342. 

(10) IWANOFR, L. 1903 Ueber die fermentative Zersetzung der Th>Tno-nuclinsaure durch 

Schimmelpilze. In Zeitschr. Physiol. Chem., v. 39; p. 31. 

(11) Jones, W, 1914 Nucleic Acids, Their Chemical Properties and Physiological Conduct. 

Monograph, Longmans, Green & Co., New York. 

(12) Maclean, H. 1918 I..ecithin and Allied Substances; The Lipins. Monograph, 

Longmans, Green and Co., N. Y. 

(13) Maillard, L. C, 1912 Formation d’humus et de combustible mineraux sans inter- 

vention de I’oxygene atmospherique, des micro-organisms, des hautes tempera- 
tures, ou des fortes pressions. In Compt. Rend. Acad. Sci. (Paris), v. 155, p. 
1554-1556. 

(14) Marshall, C. E. 1912 Microbiology, p. 89. P. Blakiston’s Sons and Co., Phila, 

(15) Pluimer, R. H. A. 1912 The Metabolism of Organic Phosphorus Compounds. 

Their Hydrob'sis by Action of Enz>Tnes. Monograph, Longmans, Green and 
Co., N. Y. 

(16) Potter, R. S., and Benton, T. H, 1916 The organic phosphorus of soils. In Soil 

Sci., V. 2, p. 291-298. 

(17) SCHMOEGER, M. 1893 Ueber den Phosphor in Moorboden. In Ber. Deut. Chem. 

Gesel., Jahrg. 26, v. 1, p. 3S6. 

(18) Schollenberger, C. J. 1918 Organic phosphorus of soils; Work on methods for 

extraction and determination. In Soil Sci., v. 6, p. 365-395. 

(19) Shorey, E, 1911 Nucleic acid in soils. In Science, n. s., v. 35, p. 390. 

(20) Schreiner, 0., and Skinner, J. J. 1912 Nitrogenous soil constituents and their 

bearing on soil fertility. U. S. Dept. Agr. Bur. Soils Bui. 87. 

(21) Stewart, Robt. 1910 Quantitative relationship of carbon, phosphorus, and nitrogen 

in soils. 111. Agr. Exp. Sta. Bui. 145, 



294 


J. T. AUTEN 


(22) SuztTKi, U., AND Yoshimuha, K. 1907 Ueber die Verbreitung von Anhydro-Ojo^- 

Mctbylen-Diphosphor Sauren oder “Phytin” in Pflanzen. In Bui. Col. Agr. 
Tokio Imp. Univ. (Japan), v, 7, p, 495-502. 

(23) Waksman, S. a. 1916 Bacterial numbers in soils at different seasons of the year. 

In Soil Sci., v. 1, p. 363. 

(24) Waksman, S. A, 1915 Studies on soil protozoa. In Soil Sci., v. 1, p. 140. 

(25) Waksman, S. A., and Curtis, R. E. 1916 The actinomyces of the soil. In Soil Sd., 

V. 1, p. 99. 



EQUILIBRIUM STUDIES OF SODIUM CARBONATES AND 
BICARBONATES IN SOME IDAHO SOILS 

RAY E. NEJDIG Am) HARRY P. !\IAGXUSOX’ 

Idaho Agricultural Expcri7nt}il Slalion 
Received for publication May 16, 1923 

The question of the reclamation of many natural alkali soils and the pre- 
vention of soils already in cultivation from becoming “salted out” is one of 
paramount importance in all irrigated regions. The attempt to utilize land 
containing a considerable percentage of salts has led many investigators to 
study the relative toxicity of the various alkali salts toward numerous crops. 
At present the Idaho Agricultural Experiment Station is carrying on an exten- 
sive project dealing with the determination of the tolerance of various crops 
toward alkali under Idaho soil conditions. The earlier investigations on toler- 
ance of crops for alkali were based on the assumption that the amount of alkali 
added to the soil was the criterion to be followed in judging tolerance. This 
view, however, has been greatly changed in latter years by the work of 
investigators who base their view on toxicity from the amount of salts recover- 
able in the soil extract rather than from the salts added. 

The work of Headley, Curtis and Scofield (5) has shown that when sodium carbonate is 
added to a soil and allowed to remain in contact for se\^ral weeks that the total amount of 
recoi'erable salts, including both the normal carbonate and the bicarbonate, is much less than 
the quantity added. When two types of soils were studied, a sandy and a loam soil, they 
found that the amount of carbonate salts reco^■e^able from the loam soil was very much less 
than that recoverable from the sandy soil, indicating a different amount of absorption^ or 
retention of carbonates by soils of different chemical composition and physical structure. 
The great discrepancy between the amount of salts added and the amount of salts recoverable 
in the soil extract has led to conflicting statements in the literature on the relative toxicity 
of alkali salts when the toxicity is based on added salts rather than Uic recoverable salts. 

Harris and Pittman (4), in their work with added alkali, mention the discrepancy between 
the amount of carbonate salts added to soils and the amount recoverable in a water extract, 
obser\'ing also that more injury resulted to plants when grown in sand than when grown in 
a loam soil, both receiving equal amounts of added sodium carbonate. 


' The data in this paper have been submitted in thesis form to the faculty of the University 
of Idaho by Harry P. Magnuson in partial fulfillment of the requirements for the degree of 
Master of Science in Agriculture. 

Published with the permission of the Director of the Idaho .Vgricultural Experiment 
Station. 

* The term absorption is used in this paper to refer to all cases of retention of salts by the 
soil whether the phenomena be primarily absorption or adsorption as distinguished by some 
writers, or a combination of both. 
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Kearney (7) of the United States Department of Agriculture, Bureau of Plant Industry, 
studied the relative absorption of soil by sodium carbonate and sodium chloride and found 
that when equal amounts of sodium chloride and sodium carbonate were added to sand the 
amount of sodium carbonate in the solution from the sand was much less than the sodium 
chloride, using the electrical resistance method as a basis of comparison. It is evident from 
past experiments, therefore, that the actual toxicity of salts must be based on the amount 
of salt present in solution, in other words, recoverable salt rather than added salt. 

Another point of interest brought out by Headley, Curtis and Scofield in their work with 
soil is that when sodium carbonate is added to a soil a considerable amount of sodium bicar- 
bonate is recovered. Some of the normal carbonate is thus changed to bicarbonate. They 
state that the comparative toxicity of sodium carbonate and sodium bicarbonate is approxi- 
mately the same when the total of the carbonate salts recoverable is considered rather than 
the percentage of salts added to the soil. In other words the toxicity of these salts in the 
soil is directly associable with the quality of the basic radical in the salts recoverable. 

Kearney and Cameron (8) have shown that the bicarbonate salt of sodium is less toxic 
in water solution to white lupine than sodium carbonate. It has also been shown by Cameron 
and Briggs (2) that in water solutions of sodium carbonate, sodium bicarbonate is gradually 
formed until approximately one-half of the sodium carbonate is changed over to the sodium 
bicarbonate. It is evident, therefore, that in all alkali studies where normal sodium car- 
bonate was used and the results of toxicity were based on salts added, an error was introduced 
owing to the reversion of some of the normal sodium carbonate to the sodium bicarbonate 
as well as the fact that soils withhold much of the sodium carbonate from the water extract. 
All these facts make it obvious that the toxicity of alkali should be judged by the salts re- 
coverable rather than the salts added to the soil. 

In our investigations dealing with tolerance of crops for alkali, preliminary 
work indicated that the amount of alkali salts, especially sodium carbonate, that 
could be recovered in the water extract varied considerably with different soil 
types. It was thought of interest to determine for definite and widely differ- 
ent soil types as found in Idaho, the relative absorption or retention factor, if 
such it might be called, and also the amount of carbonate salts recoverable 
throughout stated intervals of time, i.e., this study concerned the equilibrium 
of the carbonate salts, sodium carbonate and sodium bicarbonate, as affected 
by these different soil types when in contact for a definite period of time under 
uniform moisture conditions. 

It was also thought of practical importance to ascertain the effect of adding 
additional amounts of the carbonate salts to these soils after they had reached 
an apparent equilibrium as judged by the analyses of the soil extract and noting 
whether the soil would absorb or retain an additional amount of carbonate salts. 
The findings of this interesting phase of the investigation will be discussed later 
in the paper after the methods and data are introduced. 

Preliminary studies with Idaho soils indicated that some of the soil types 
showed widely different physical and chemical proi)erties. Various differences 
were also noted in their power of retaining carbonates when known amounts of 
carbonate salts were added to the soils. Three soils showing the widest 
differences in properties w^ere selected for the experiment. They were, 
Palouse silt loam, Caldwell silt loam subsoil and Boise silt loam. The Boise 
silt loam consisted of two samples, one of which was comparatively free from 
natural alkali, while the other sample represented a soil containing considerable 
alkali salts consisting of chlorides and sulfates. 
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DESCRIPTION OF SOILS 

The Palouse silt loam soil is a dark colored soil high in fertility and organic matter. AVhen 
wet, this soil is black in color. The soil used in the experiment was taken from the first nine 
inches of surface soil on the Experiment Station plots at Moscow. 

The Caldwell silt loam subsoil sample was taken at a depth of five feet in the Caldwell silt 
loam series. This subsoil is a grayish yellow, silty clay loam, and ver3" compact. The sample 
was also taken from soil on the experimental farm. 

The Boise silt loam samples were secured from southern Idaho near Parma and Caldwell. 
One sample containing considerable natural alkali salts of chlorides and sulfates, while the 
other contained very little alkali. The soil is a grayish colored light sandy loam and is soft 
and ashy to the touch, carrying a large amount of silt. The two Boise silt loam soils were 
secured from points approximately fifteen miles apart, and while they are both classified as 
Boise silt loam, they may differ slightly in their physical and chemical properties. 

The four soils were examined for alkali salts and found to contain the following percentages 
expressed on the anhydrous basis. 


SOIL TYPE j 

SODIVM 

CAREONATE 

sow I'M 

BICARBONATE 

sonu'M 

CBLORIPE 

SOIIIUM 

Sa.F.ATE 


ptreeni 

per cent 

percent 

per cent 

Palouse silt loam I 

1 0.000 

0.018 

0.004 

0.006 

Caldwell silt loam 

0.000 

0.018 

0.000 

0.004 

Boise silt loam 

0.000 

0.018 

0.712 

0.119 

Boise silt loam 

0.000 

0.041 

0.002 

0.000 


PREPARATION OF THE SOILS 

A series of eight Pgallon jars was filled for each of the four soils. To four jars in each 
series were added different amounts of the normal sodium carbonate salts, namely, 0.2o, 0.5 
1.0 and 1.5 gm. per 100 gm. soil calculated on the anhydrous soil basis. To the remaining four 
jars of each series were added amounts of sodium bicarbonate equivalent in each case to the 
amounts of normal carbonate salts used in the first series. The actual weights of sodium 
bicarbonate used were 0.4, 0.8, 1.6 and 2.4 gm. per 100 gm. anhydrous soil. These salts were 
thoroughly mixed with the soils on December 23, 1920, and a sample taken on the same day 
and analyzed for recoverable carbonate and bicarbonate salts by the method described later 
in this publication. 

An additional series of experiments was carried out which had for its object the deter- 
mination of the equilibrium of the carbonate and bicarbonate salts in these same soils when 
kept in an air-dry condition during the same periods as the soils to which water was added. 
A small portion of the air-dried soils mixed on December 23, 1920, was set aside for this 
purpose. These were also analyzed at stated intervals on November, 2, 1921 and February' 7, 
1923. The entire period of contact was a little over two years. The results are given in 
table 5. 


METHODS USED 

The estimation of the carbonate salts in tbc water extract was made by the methods 
descried by the Bureau of Soils (2) with the exception that in this work the proportion of 
water to soil was ten to one instead of twenty to one. Congo red indicator was used instead 
of methyl orange due to the fact that extracts of some of the soils were dark in color which 
masked the end point when meth) ! orange was used as an indicator. Samples were taken 
from each jar by means of a soil tube. In this manner several cores, representing the entire 
depth of soil, w'ere secured from each jar. These cores were very carefully mixed and a 
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Composite sample taken for analysis. The soils sampled on December 23, 1920, and January 
3, 1921, were dried before analyzing, but in all other samples the moist soil was analyzed 
directly, since drying was found to slightly change the equilibrium. 

The soils were kept at a moisture content of approximately 20 per cent throughout the first 
series of the experiment which was from December 23, 1920 to July 26, 1921. Four samples 
of each soil were taken during this period; the first sample, on December 23, 1920, the date 
of mixing; the second, on January 3, 1921; the third on February 25, 1921; and the last, on 
July 26, 1921. After this last date the soils were allowed to air-dry'. The data for this first 
equilibrium period are given in table I and also in figures 1-4. 

Table I contains all the data on the carbonate salts added to the soil and 
carbonate salts recovered in the water extract for all periods included in the 
first series for the four soils. The additions of sodium bicarbonate are the mole- 
cular equivalents of the corresponding additions of normal sodium carbonate. 
The salts added and recovered are expressed as grams per 100 grams of an- 
hydrous soil. The column headed totalsodium carbonate equivalent represents 
the sum of the normal carbonate recovery and the bicarbonate recovery, which 
is calculated to its equivalent of normal sodium carbonate. Water extracts of 
soils made after adding bicarbonate salts showed an alkaline reaction to 
phenolphtbalein, indicating a reversion to normal carbonate and possibly a small 
amount hydrolyzed to the hydroxide. Either compound would appear alkaline 
to phenolphtbalein . In all the data, however, the results on this particular 
portion of the water extract are calculated as normal sodium carbonate. 

The results of the first series indicated that the soils had reached a point 
where only a slight reduction in total recovery of soluble carbonate salts was 
noted when examined. At this point it was thought of interest to study the 
effect of adding a large quantity of carbonate and bicarbonate salts to each of 
these soils to ascertain whether the soils had reached their maximum capacity 
of absorption of these salts. 

Hence to the same soils used in the first experimental period and which were 
allowed to become air-dry, additional amounts of sodium carbonate and 
sodium bicarbonate were added on August 10, 1921, One gram of sodium 
carbonate per 100 gm. anhydrous soil was added to the sodium carbonate 
group and 1.6 gm. sodium bicarbonate, to the sodium bicarbonate group of 
soils. In the second period therefore, the soils contain the original amount of 
carbonate salts which WTre added, together with the additional 1 per cent 
of sodium carbonate or the equivalent in sodium bicarbonate. This second 
addition marks the beginning of the second series, the results of which are 
given in table 2. The soils were sampled September 15, 1921, December 12, 
1921, June 10, 1922, and October 19, 1922. The time between the first two 
samplings, it should be noted was a little less than fourteen and one-haif 
months. The soils were kept at approximately fifteen per cent moisture 
content throughout the entire second period. The results are given in table 2 
and figures 1- 4. 

All the results expressed in this paper, the reader should bear in mind, are 
calculated from the acid radicals HCO3 and CO3 which were directly deter- 



TABLE 1 


Carbonates added and recovered from soils maintained at optimum moisture content First series 



Falouse silt loam 


1 0.25 0.0000.1830.1830,0000.08lb.08lb.012b.0460.058lo.00ob.03ob.030 

2 0.5 0.083 0.241 0.3240.0630.132 0.1950.0260.089:0.115 0.0120.0930.105 

3 l.O b. 353 0.334 0.687 0.228 0.193 0.4210. 167 0.115 b. 282 0.137 0.142 0.279 

4 1.5 0.706 0.406 1.1 10 0.416 0,183 0.599 0.293 0.2 19:0.5720.325 0.1510.476 

5 0.4 0.000 0.180 0.180 0.020 0.091 0.1110.0060.0600.0660.000 0.029 0.029 

6 0.8 0.000 0.456 0.4560.083 0.142 0.225 0.069 0.0670.136 0.017 0.089 0.106 

7 1.6 0.000 0.915 0.915 0.228 0.193 0.421 0.152 0.121 0.2730.076 0.143 0.219 

8 2.4 0.020|l.250jl .27o|o.374 0. 152jo.526-0.47o|o. 172|o. 642^0. 232 jo. 141^0.373 

Caldwell silt loam subsoil 

9 0.25 b. 062|o.lS3|0. 215b, 062b.09i|o.l53|o.074|o.052b. 1260. 048b. 041 jo. 089 

10 0.5 0.187 0.122 0.3090.162.0.0910.257 0.1460.047 0.193 0.1230.0320.155 

11 1.0 0.644 0.122 0.766 0.374b.040b.414 0.288 0.079 0.367 0.207 0.059:0.266 

12 1.5 0,852 0. 1320. 984;o. 644:0. 010 0.654 0. 385 0.079 0.4640. 292 0.048 0.340 

13 0.4 0.0000.213 0.213'0.083 0.071 0.154 0.072 0.0620,1340.048 0,046 0.094 

14 0.8 0.042 0.427 0.469 0.166 0.071 0.237 0.184 0.054 0.2380. 11 10. 048(0. 159 

15 1.6 0.104 0.862p.906p.395lo. 010.0.405 0.313 0.067 0. 3800. 2600. 069p. 329 

16 2.4 0. 124|l . 180|l.304p.770b,050b.820p.551 0. 133:0.684:0. 548p.067p. 615 

Boise silt loam containing natural alkali, chlorides and sulfates 


17 0.25 0.041 0. 101 0. 142b. 020b.07ip.09lb.024b.046p.07ob.010;0-033 0.043 

18 0.5 0.1240 Ogip.2i5b.O83b.O8l 0.164b.05lb.043b.094:0.049p.053’0.102 

19 1.0 0.6230. 0Oob.623b.270'O.I0lS0.371|O.27Ol0. 029 : 0 . 2990 . 1520. 047b. 199 

20 1.5 0. 873 b. 061 b. 9340. 624|0.010p.634p. 536-0. 103 0.639 0. 358 b -099,0. 457 

21 0.4 O.OOob. 233b. 2330-020, 0.07i;0.09i;0. 0600. 026p. 0860. 005:0. 033p. 038 

22 0,8 0. OOojo. 456 0.456'0. 062b. 091 p. I 53 !o. 073 0.0290, 102b. 057 p.038p. 095 

23 1.6 0.020p.781 0. 80lb.250p.09l|o.34i:0. 20710.081:0.288:0. 165, 0.062p. 227 

24 2.4 0. 083;1. 0784. 161 0. 5200. 0I0b.530':0.S35p.015p. 550 0.345p. 123:0. 468 


Boise silt loa7n free from alkali chlorides afid sulfates 


25 0.25 O.U6b.07lb.217p,083b.08lb.l64'0.0940,057p.l51p,077 0.039p.lI6 

26 0.5 0. 104 0. 151 b. 257:0. 2500. 0500. 300b. 245 0.0080. 253b. 137p. 047:0. 184 

27 1.0 0.6440.071 0.715 0.436b. 030b. 466b. 464, 0.0960. 560b. 2660. 079;0, 345 

28 1.5 0,996 0.010 I. OOob- 749b. 020b. 7690. 643:0. 0410. 6S4p. 51 Ip, 069 0.580 

29 0.4 0.047,0. 193 0.240 0. 104b.09lb.l95 0.093'0 05S'0.151p.085p.035p.l20 

30 0 . 8 0 , 083(0 . 344 0 .427 0. 228 10 . 0600 .288 0. 209 0 . 03 1 0 . 240b . 153 p . 041 p . 194 

31 1.6 0.166 0.6680.834 0.39510,0500.445 0.3600. 107 0.467p.326p.046p, 372 

32 2.4 0. 104j 1.239} 1. 343j0.644j0. 020:0. 664 0.650b. 132 0. 782 0.562p.065p. 627 
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TABLE 2 


Carbonates added and recovered from soils maintained at optimum moisture content. Second series 



Palouse silt loam 


1 1.0 0. 363 0.061 0.427 0.237 0. no 'o. 347 0.19710. 171 b.368|o.l65’o.224|o. 389 

2 1.0 0 . 357 0 . 107 0 . 464io . 324 0 . 194 0 . 5 18 0 . 269 0 . 239 0 . 508 0 . 29o'o . 134,0 . 424 

3 1.0 0,579 0. 153 0.732j0. 4720. 040 0.512 0. 4650.0090.474 0.412'0. 024 0.436 

4 1.0 0.6840. 1900. 8740. 748 0. 230,0.9780. 638p.350|o.9880.69s!o. 1100.805 

5 1.6 0.3260. 0740. 4000. 249]o. 097,0. 3460.174p,206|o.38ojo.l7l'o.l080.279 

6 1.6 0.048:0. 2130. 261 0.2030. 1060, 3090. 2520. 186p.438|o, 173 0.2160.389 

7 1.6 I jo.593!o.l4l|o.734;o.440p.213|o.6S3,0.418‘o.ll20.530 

8 1.6 I |o.695|o.l42p.837p.640|0.187|0.827|o.589|0.129lo.7l8 

Caldwell silt loam subsoil 

9 1.0 0 . 495 : 0 . 117!o.612jo.487]o.079‘o.566|o. 368-0. 023|o.39llo.345|o.019'o. 364 

10 1.0 0.4700. 105, 0.5750. 7140. 068,0. 7820. 4980. 038|o. 5360. 5120. OOOJO. 512 

11 1.0 0.7000. 0640. 7640. 6660. 0000. 6660.462 0.0600. 522 I 0 . 4480. 000!0. 448 

12 1.0 0. 8410. 08l|0.922p.690p.044p. 7340.4710. 0560.527j0. 408 0.0140. 422 

13 I 1.6 0.353p.l08:0.46ip.256;o.071 0.327p.323p.047p.370,0.3110.020p.331 

14 1.6 0,68i!o. 0980. 7790.48110. 0640. 54S;0.432|0. 1840. 616-0. 3350. 0190. 354 

15 1.6 0. 876[0. 163 1. 039 0.885 0.077 0.962, 0.860|0.000,0,860;0.790p. 0150. 805 

16 1.6 1.455jo.l65jl.620|l.214|o.O55|l.269,1.045|0.032jl.O77|l.0O2|0,059|l.O61 

Boise silt loam containing natural alkali, chlorides and sulfates 

17 I 1.0 0.49r0.042:0. 5330. 496]o.063p.559]o. 3240. 032|o.356|o.235[o. 069-0. 304 

18 I 1.0 O.SIO' 0 . 1150. 6250. 4850.082, 0.5670. 3710. 0670.4380. 374p.O00'o.374 

19 i 1.0 0.841 0.021^.861^.7340.081 0.815^.628 0.000p.628p.65o|o.039|0.689 

20 I 1.0 1.322p.0O0'l.322|l.030p.O8l|Mll:O.842 0.OOOp.842p.835p.093, 0.928 

21 : 1.6 !o. 463 0.077p. 5400. 2940. 0630. 3570. 2760. 0500. 3260. 2280. 058|0. 286 

22 I 1.6 |o.624|o. 1080. 7320. 456!0.13Op. 5860. 4000, 0050. 4050. 3300. 0510.381 

23 I 1,6 0,9240. 225:1. 1490. sup. 104p.9180. 6740. 000 : 0 . 6740. 621,0. 098,0.719 

24 I 1.6 1.1210.071 1.192 1.0000.013 1.0130. 824;0. 0000. 824b. 8360, 0480.884 

Boise silt loam free from alkali chlorides atid sidfates 

25 ! 1.0 O.S43'o.078b.62l'0.459:0.204b.663'0.4S6b.O00'0.456j0.365|0.065j0.430 

26 ; 1.0 0.8Up. 0660. 880p.28l!0. 1740. 4550. 502'0.000b.502p. 508b. 0250. 533 

27 ] 1.0 1.045p, 1134. 1580. 9520. OOob. 9520. 7600.000 0. 760,0. 720,0. 044,0, 764 

28 j 1.0 1.011 0.075:1.086 1.098|0.000|l, 098 0.7400. 000,0. 740,0.8160.000,0.816 

29 I 1.6 0. 685p,l77p. 8620. 513p.042|o.555'o. 334,0. 0540. 3880.428,0. 009p.437 

30 i 1.6 lo, 576,0. 114;o.690p.700p.093p.793p.520 0.000p.520|0.440p. 0960.536 

31 1.6 :0.935p.l67|l.l02,0.844p.l32p.9760.886'0-005b.89ip.792p.000p.792 

32 I 1.6 jl. 378p. 2194. 597 't. 152,0. 1324 .2844 .020,0. Q00|l.0?0|t. 062,0.019, 1.081 
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mined in the water extract as such. They are arbitrarily calculated to sodium 
carbonate in order to compare them with the percentages of sodium salts added. 

Table 3 contains data corresponding in detail in tables 1 and 2 with the 
exception that the results are all expressed on the basis of percentage of recov- 
ery of the salts calculated from amount of salts added for all concentrations 
of each soil. 

Table 4 represents the equilibrium that is established at the different periods 
between the sodium carbonate and sodium bicarbonate salts. The data are 
obtained by calculating the carbonate fraction of the recovery to per cent of 
total recovery. 

Table 5 represents the data for the recovery from that portion of the first 
series which was taken out at the initial mixing and kept in the air-dry condition 
throughout the period of the first series. It corresponds in detail to table 1. 

EXPLANATION OE THE CHARTS 

In order to bring out more clearly the results given in tables 1 and 2 for the 
four soils, charts were prepared which illustrate graphically the data. 

Figures 1-4 include all the data given in tables 1 and 2., The reader must 
bear in mind that in all cases the sodium bicarbonate ciir\’e is expressed in 
terms of the equivalent of sodium carbonate. As an explanation it may be 
said that the numerical ratio of sodium carbonate to sodium bicarbonate is 
0.63 to 1.0, The figures include curves showing the per cent of each salt 
recovered after definite periods of contact as indicated by the chart. The total 
salt recovery is also illustrated by a curve. This curve is the sum of the sodium 
carbonate recovered together with the sodium bicarbonate. The sodium 
bicarbonate is, however, calculated to the equivalent of sodium carbonate. 
The break in the curve, between the dates July 26 and August 10, represents 
the time of preparation of the soils and the extra addition of salts for the 
second series. These soils were allowed to stand for an additional short period 
before sampling in order to establish partial equilibrium. The first sampling 
of the second series was made on September 15, 1921. 

Figures 5 and 6 show the amounts of salts added in both series 1 and 2 
for all soils; the amount of each salt recovered at the final period of analysis; 
and lastly the total salt recoverv' for each soil. These figures show by means 
of graphs the final results of the entire time of contact and may well be called 
summary of grapiis which represent the total salt recovery for each individual 
soil for the entire period of the experiment. 

DISCVSSION 

In discussing tables 1-4 the period from December 23, 1920 to July 26, 1921 
will be referred to as the first scries; from August 10, 1921 to October 19, 1922 as 
the second series. The first four numbers for each soil will be referred to as the 
carbonate group or additions, and the last four as the bicarbonate. The 
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TABLE 3 


Ratio of sails recovered to salts added in terms of carbonate 



EIRST SERIES 

1 

SECOND SERtES 

POT 

NUMBER 

Portion maintained at optimum 
moisture content 

Portioa left air dry 

Maintained at optimum moisture 
content 


Dec. 23, 
1920 

Jan. 3. 
1921 

Feb. 25, 
1921 

July 26. ' 
1 1921 

Nov. 2, 1 
1921 

Feb. 7, 
1923 

Sept. IS, 1 Dec. 12, 
1921 1921 

June 10, 
1922 

Oct. 19, 
1922 


percent '■ 

percent 

per cent 

i percent '■ 

percent ' 

per cent 

percent [ percent 

per cent 

percent 


Palouse silt loam 


1 

73 

32 

23 

1 12 

56 

52 ! 

33 

27 1 

29 

: 32 

2 1 

66 

39 

23 

i 21 

56 

56 

31 

34 ’ 

i 34 

i 28 

3 ; 

68 ; 

42 ; 

28 

28 

61 

58 ! 

36 

25 ! 

i 23 

i 22 

4 ' 

i 74 

40 

38 

32 

66 

62 ! 

35 

39 ' 

40 

i 32 

5 ! 

i 74 ’ 

44 ' 

26 

12 

78 

76 I 

32 

27 i 

30 1 

22 

6 ! 

91 ’ 

45 ' 

27 

21 

82 

81 ! 

17 

21 1 

29 ! 

26 

7 ! 

91 ' 

42 ' 

27 

21 

82 

80 1 

1 

36 

32 ! 

26 

s 1 

85 

35 ! 

42 

25 

80 

79 

j 

33 

33 ' 

28 


Caldwell silt loam subsoil 


9 ' 

i 86 i 

61 

50 1 

35 

1 

] 

49 

45 

31 

29 

10 1 

61 

51 

38 1 

31 

47 

47 i 

38 

52 

35 

34 

11 

76 , 

41 

i 36 

26 


1 

38 

33 

26 

22 

12 

65 ; 

44 

i 31 

23 

55 

i 55 

36 ^ 

29 ' 

21 

17 

13 ; 

85 

61 

53 

37 

63 

i 61 

37 

26 

29 1 

26 

14 

i 94 ! 

47 

47 ^ 

31 

71 

i 67 

52 

36 

41 ! 

23 

15 

, 90 ! 

40 

38 ' 

i 32 

1 61 

j 57 

51 

48 

43 ' 

40 

16 

86 

55 

45 1 


1 73 

i 73 

64 

51 

43 

42 


Boise silt loam containing natural alkali chlorides and sulfates 


17 1 

56 

: 35 ! 

i 28 1 

17 

j 55 

1 67 

42 

44 

i 28 

24 

18 

1 43 

: 32 

1 ' 

20 

j 37 

; 47 

i 41 

1 38 

j 29 

i 25 

19 1 

j 62 

37 

29 ' 

19 

45 

i 43 

1 43 

1 40 

31 

34 

20 

1 62 

42 

42 ' 

30 

1 

j 48 

1 ^2 

i ^ 

33 

37 

21 1 

1 

36 

34 

15 

58 

66 

43 

28 

26 1 

22 

22 ; 

91 

i 30 

1 20 

19 

1 68 

56 

49 

39 

27 ; 

25 

23 

1 80 

i 34 

! 28 

22 

1 61 

53 

57 

46 

33 

36 

24 

; 78 

i 35 ; 

36 

31 ' 

i 63 ' 

36 ' 

47 

40 

33 

35 


Boise silt loam free from alkali chlorides and sulfates 


25 

86 

65 

60 

46 

65 

48 

50 

53 

36 

34 

26 

51 

60 

i 50 

36 

62 ' 

43 

59 

30 

33 

35 

27 

71 

46 

56 

34 

54 ! 

55 ^ 

58 

47 

38 

38 

28 

66 

50 

46 ' 

38 

56 

57 ' 

43 ' 

44 

29 

32 

29 ^ 

96 , 

78 ! 

60 ' 

48 

73 

66 

69 1 

44 

31 ' 

35 

30 

85 

57 ' 

48 ' 

39 

75 

i 71 

46 

S3 ’ 

34 ! 

1 35 

31 1 

83 

44 1 

46 

37 

73 

65 

1 55 

49 

44 1 

37 

1 

32 1 

82 i 

44 1 

52 


1 

68 

63 

1 51 ! 

40 i 

43 
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TABLE 4 

Ratio of normal carbonate to total carbonate eQuivakni in recovery 


POT 

NUlfBER 

Portion kept at optimum moisture 

Air-dry portion 



Dec. 23, 

Jan. 3, 

Feb. 25, 

July 26, 

Nov. 2, Feb. 7, 

Sept. 15,1 

Dec. 12, 

June 10, 

Oet. 19, 


IMO 

192t 

1921 

1921 

1921 1923 

1921 

1921 

1922 

1922 


per cent 

percent 

per cent 

per cent 

per cent per cent 

percent j 

per cent 

per cent 

per cent 

Paloiise silt loam 

1 

1 


! 21.7 



85.0 

68.5 

53.3 ' 

42.2 

2 

25.6 i 

32.6 j 

22.6 

■ n .5 

7.5 15.4 

77.0 

62.4 

53.0 

! 68.7 

3 

51.4 

54.0 ' 

59.2 

49.2 

28.2 39.5 

79.2 

' 92,2 

98 , C 

^ 94.6 

4 

63.6 

69.5 

51.1 

68.2 

46.8 56.5 

78.3 ^ 

76.2 

64.6 

i 86 4 

5 


18.0 

9,1 



81.5 

71.8 

45.7 

1 6> A 

6 


36.8 

50.6 

16.1 


18.4 

65.8 

5S.0 

\ 4-^.5 

7 


54.2 

55.6 

34,7 



80.8 

67,1 

: 78.9 

8 

1.5 

71.1 

73.2 

62.3 

2.0 


83.1 

77.2 

i 82.0 


Caldwll siU loam subsoil 


9 

28.8 

40.2 

58.8 

54.0 



81.0 

86.0 

94.3 

94.8 

10 

60.6 

63.4 

75.6 

79.4 

57.0 

48.8 

82.0 

91.4 

93.0 

100.0 

11 

84.0 

90.3 

78.5 1 

77,8 



92.0 ' 

100.0 

88.2 

100.0 

12 

86.6 

98.0 

83.0 ( 

86.0 

73.0 

72.0 

91.4 

94.1 

89.4 

96.7 

13 1 


53.8 

53.6 1 

51.2 

3.4 


76.6 

78.4 

87.5 

! 94.0 

14 

8.9 

70,0 

77,3 1 

69.7 

j 9,2 

[ 4.1 

87.5 

88.4 

70.8 ' 

1 94.5 

15 

11.4 

97.5 

82.5 ! 

79.1 

1 14,2 

I 2.1 

84.2 

92.0 

^ 100.0 

1 98.0 

16 

10.3 

94.0 

so.dl 

89.2 

1 3.4 

j 7.0 

89.4 

' 95.5 

97.0 

! 94.5 


Boise silt loam containing natural alkali chlorides a^ui sulj-iies 


17 

28.8 

22.2 

34.3 

23.2 

39.0 j 

39.5 

92.0 

88.8 

91.0 

77.2 

18 

57.6 

50.6 

54.2 

48.0 

50.0 j 

50.0 

81.7 

85.5 

84.5 

100.0 

19 

100.0 

72.8 

90.5 

76.4 

67,1 

67.0 

97.7 

90.0 

100.0 

94.6 

20 

92.8 

98.5 

84,0 

78.3 

76.8 i 

72.0 

100.0 

92.6 

100.0 

90,0 

21 


22.0 

70.0 

13.1 


8.5 

1 85,7 ' 

82.4 ^ 

85.0 

so.o 

22 


40.5 

71.5 

60.0 


3,1 

I 85.3 

! 78.0 

! 98.0 j 

86.5 

23 

2.5 

73.3 

72.4 

72.8 

2.6 ^ 

6 4 

* 80.5 

1 88.6 

100,0 : 

86.6 

24 

7.1 

98.0 

97.4 

74.4 

; 

44.2 

1 94.2 

1 98.6 

100,0 ' 

^ 94,0 


Boise silt loam free from alkali cldoridcs and sulfates 


25 

67.3 

50.6 

62,2 

66.4 

56.8 

56.0 

87.8 

69.3 

100,0 

85.0 

26 

40.5 

83.4 

97.0 

74.6 

62.2 

73.5 

92.3 

61 . S 

100.0 

94.3 

27 i 

! 90.0 

93.5 

83.0 

! 77.0 

78.2 

i 70.0 

90,1 

! 100.0 

100.0 

94.0 

28 1 

99.0 

97.5 

94.0 i 

1 88.1 

71,1 ; 

1 73.4 j 

' 93.3 

100,0 

100.0 

100.0 

29 

19.6 : 

53.3 

61.5 

70.7 

17.9 

14.5 

79.4 

90.5 

86.2 

98.0 

30 

19.4 

79.2 

87.2 

78.8 i 

12.9 

1 

1 83.5 

88,4 

100.0 ' 

82.2 

31 

19.9 

88.8 

77.2 

87.7 

10.3 

1 13.1 

84.6 

1 86.4 

99.5 

100.0 

32 

8.4 

97.0 

83.2 

89.6 

1 5.6 

i 10.6 

I 86.4 

j 90.0 

100.0 

98.4 
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additions and recoveries are expressed as grams per hundred grams of an- 
hydrous soil. In inspecting the data in the tables the reader is urged to consider 
the general trend of results rather than the individual digerences between 
recoveries of the salts that may appear from time to time. The difficulties 
encountered in obtaining thorough distribution of added salts as well as 
uniform samples of alkali soils is well known to all who have had experience 
in alkali investigations. 

Palouse silt loam 

A critical review of the data dealing with the Palouse silt loam soil shows the 
large amount of salts that are retained in the soil even when analyzed immedi- 
ately after mixing the dry salts with the air-dry soil. The percentage of 
recovery in a water extract of this soil is slightly higher with the bicarbonate 
than the carbonate salts. It is to be noted that the actual amount of salts 
recovered with the various concentrations are, within relatively narrow limits 
proportionate to the amount of salts added. 

The rapid change of carbonate salts to bicarbonate is shown by the fact that 
in the determination made immediately after mixing the salts and soil, con- 
siderable of the sodium carbonate is found changed to the bicarbonate. This 
is contrary to the action of the sodium bicarbonate additions at this time, for 
only in the heaviest addition of sodium bicarbonate is the normal carbonate 
found and in this case the amount is insignificant. 

The second determination was made on January 3, 1921, or ten days after the 
salts had been mixed with the soil. During this period they had been kept 
in a moist condition. At this time the amount of salt retained by the soil 
had greatly increased, in fact it was practically twice the amount held by the 
soil when the first sample was taken. In the carbonate additions the carbonate 
recoveries for two of the concentrations were slightly greater at this period than 
the recoveries secured immediately after mixing the salts and air dry soil. It 
was observed that the smallest concentration of sodium carbonate (0.25 gm.) 
did not yield any recoverable salts as carbonate but had evidently changed into 
the bicarbonate since some bicarbonate was found in the water extract. This 
is also true for the first sampling. 

In the bicarbonate additions a noticeable change has taken place in the 
equilibrium of the bicar]x)nates and carbonates in the soil for there is a large 
amount of bicarbonate salts changed into carbonates and are recovered as such 
in the soil extract, the proportion in fact being greater than the actual amounts 
cf carbonate salts recovered from the corresponding carbonate additions. 

On February 25, the total recovery of salts continues to fall in all cases 
except treatment number 8. There are slight rearrangements of the equilib- 
rium of the salts in both additions at this period. 

The final determination in this series made July 26, 1921 shows a continued 
decrease in total recovery in every case. I'his decrciise, however, is very small 
as compared with the first two periods, the curve being almost a straight line 
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as shown in figure 1. It is evident that the decrease is greater in the lower 
concentrations resulting in a smaller recovery of the salts in the lower additions. 
This soil shows the power of retaining a smaller percentage of the higher than 
the lower additions of salts. This does not mean that the actual amount of 
salts retained by the soils receiving the largest additions is less than with the 
smaller additions. On the contrary, almost five times as much salt is retained 
by the soil with the greatest addition. 

In this series, the per cent of the recovered salts appearing as normal car- 
bonates generally increases with the amount of salts added throughout the 
series. However, this increase is not in the same ratio is that of the salts added. 

The second series, table 2, shows the effect of adding an additional one per 
cent of sodium carbonate to the sodium carbonate series and an equivalent 
amount of sodium bicarbonate to the bicarbonate series. The additions were 
made on August 10, 1921, and moisture was added to the soil at this time. It 
must be remembered that the total additions of salts to this soil now are 1.25, 
1.5; 2.0 and 2.5 gm. of carbonate per 100 gm. of anhydrous soil and their 
equivalents of sodium bicarbonate. In comparing subsequent recoveries, 
however, it is justifiable to consider the sum of the amount recovered on 
July 26, and that added on August 10, as the initial recoverable salt content 
for the second series. Considering this amount of salt as the basis for recovery 
we find a large decrease in recovery at the time of the first determination, 
which was made on September 15, 1921. It is also evident that the ratio of 
normal carbonate to the total recovery has become more uniform for all 
additions in both carbonate and bicarbonate groups. 

In the second series, an inspection of table 2 and figure 1 shows that equilib- 
rium has practically been established in the Palouse soil for all added concen- 
trations at the time of the first sampling. This is only thirty-five days after 
the second additions were made to the soil. The last sampling, made over a 
year later than the initial one, shows only a very slight downward trend. The 
intermediate determinations show slight fluctuations, some indicating more 
recovery of salts than others. This is distinctly seen when the graphs in figure i 
are examined. Not much stress can be laid on these fluctuations for it may be 
due for the most part to differences in sampling these soils. It should be stated 
here that all concentrations of alkali used on the Palouse soil, especially in 
the second series resulted in a highly deflocculated soil. The soil was extremely 
sticky and showed all the appearances of a poor physical condition which is 
typical with an excess of black alkali. 

It is to be observed that in all the highest additions of salts there is a 
proportionately higher percentage recovery than in the lowest additions. This 
in turn means that there is proportionately less retention of salts in the highest 
additions. But it must not be overlooked when commenting on these two 
facts, that the soil seems to possess a cumulative action in absorbing or retain- 
ing the salts. Taking the lowest addition, 0.25 gm., and comparing it \vith 
the highest addition, 1.5 gm., only 12 per cent is recovered in the first series 
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from the lowest addition. With the highest addition 32 per cent is recovered. 
The percentage absorption is less with the highest addition but when actual 
amounts are considered we see that the amount of salts retained by the soil 
in the highest addition is much greater than with the lowest addition. With 
greater applications, this soil shows the power of increased actual retention or 
absorption. 

In the second series the percentage of retention for the highest and lowest 
addition is equal at the end of the period, viz., 68 per cent for each treatment, 
while the actual amount of retention is 1.7 and 0.86 gm., respectively per 100 
gm. of anhydrous soil. 

It is noted that throughout this series we find a large recovery of normal car- 
bonate in all concentrations. This is in accord with our earlier findings that 
a larger proportion of the normal carbonate is recovered in the heavier 
additions. 

It is observed that this soil has the power of producing a certain amount of 
bicarbonate which is not increased with larger additions of salts. In the 
lowest additions of normal carbonate, it is all changed to bicarbonate. With 
higher additions the amount found does not exceed a definite level for both 
scries. In the small additions, however, the level rises at once in the second 
series to the same level as the hither additions and remains there throughout 
the period. 

In the bicarbonate series, we find the salt recovered primarily as such until 
the amount present exceeds the level found in the carbonate series. All higher 
additions which come above this general level are changed to normal carbonate. 
Figure 1 clearly illustrates this point. 

In a study of table 3 wc note that for the first determination December 23, 
1920, all percentage recoveries are high but fairly unifonn for all additions. 
As time goes on, there appears a divergence in percentage recovery between the 
lower and higher additions. The highest addition in the carbonate series 
gives a recovery two and one-half times that of the lowest, and in the bicarbon- 
nate additions the final recovery is twice as great for the highest additions. 

In the second series there arc marked irregularities in the per cent recovered. 
At the end of the period there is, however, a uniformly higher recovery than is 
found at the end of the first series. This difference is greatest in the lower 
concentration, the final recover)^ in the higher concentrations in the second 
series being surprisingly near that of the first. 

7'he Caldwell silt loam subsoil 

Since a detailed discussion has been given for the Palouse silt loam soil it 
will not be repeated here but only the characteristic differences will be discussed 
for each of the three remaining soils. The Caldwell soil shows quite a similar 
recovery to the Palouse soil of both salts in the first analysis of the first series. 
The remaining three samplings of this series show a much higher recovery than 
in the Palouse soil. 
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In the nonnal carbonate additions of the first series the percentage of recov- 
ered salts is smaller for the larger than the smaller additions. This is true 
for both first and second series and is the reverse of the condition found on the 
Palouse soil. The bicarbonate additions to the Caldwell soil show the same 
type of recovery curve as the Palouse soil, differing only in that the Caldwell 
soil gives higher percentage recoveries in both series. The total carbonate 
recovery from the normal carbonate additions is lower throughout than that 
from the corresponding additions of the bicarbonate group. 

From table 4 we see that the Caldwell soil shows little power of changing 
added carbonate salts to bicarbonate since practically all of the recovered salt 
from the carbonate additions is in the form of normal carbonate. On the other 
hand it does show marked activity in changing the bicarbonate additions to 
normal carbonate for by far the greater per cent of the added bicarbonate salt 
is recovered as the normal carbonate. The final percentage recoveries 
for both the normal carbonate and bicarbonate are very similar, ranging from 
94 per cent to 100 per cent recovery as normal carbonate regardless of th : salts 
added. 

Boise silt loam 

The Boise silt loam soil containing natural alkali salts, in the form of chlorides 
and sulfates, shows a lower initial recovery in the carbonate group than either 
the Palouse or Caldwell silt loam soils. The bicarbonate group, however, gives 
very nearly the same recovery as that of the Palouse soil. In the second and 
following determinations in the first series the relative recoveries are 
very nearly the same as those of the Palouse soil. The carbonate fraction of the 
total is very nearly the same as that for the Caldwell soils. The recoveries 
in the second series are high in the first determination, being almost equal 
to the results found in the Caldwell soil. The final recovery has dropped 
to the level of the Palouse soil. 

In the alkali-free sample of the Boise silt loam we find the total recovery in 
the first determination about the same as the first two described soils, but in the 
succeeding determinations there is a smaller decrease in recovery than in any 
other soil giving us a larger recovery at the end of the first period than any 
other soil used in the experiment. In the second series the recovery is the 
largest throughout the period. This soil shows the weakest retentive power of 
any of the soils studied. It will be noted in the final determination of the 
second series that the percentage of recovery is less than the final recovery in the 
first series even though I gm. additional salt was added. The proportion of 
normal carbonate present in the first determination in the first series is the 
highest of all. This is especially noticeable in the bicarbonate group. 

C.VRBONATE EQUILIBRIUM IN THE SOILS KEPT MR-DRY 

At the beginning of the experiment when the soils were mixed with the 
salts in an air-dry condition a portion of the soil containing each of the salt 



TABLE 5 


Carbonates added and recovered from soils maintained in an air-dry condition. First series 


POT 1 
NtrMBER ’ 

SALTS ADDED 

PER 100 GM. 
j anhydrous 
soa 

SALTS RECOVERED fH WATER EXTRACT PER 100 GRAMS OT ANHYDROUS SOIL 

December 23. 1920 

November 2, 1921 

February 7, 1923 

O 

u 

d 

' 

6 

u 

! 

1 

! 

6 

o 

55 

a * 

So 

0 « 
055 

X m 

55 1 

Total NaaCO* 
equivalent 

8 ' 

NaHCOj expressed 
as NaaCOj 

Total NaaCOi 
equivalent 

d 

u 

s 

! 

"2 

“S 

O «i 

55 1 

Total NaaCO* 
equivalent 


zm. 1 

gm. \ 

gm. 

gm. \ 

1 Sm. 

gm. 

i gm. 

I gm. '■ 

gm. '■ 

gm. ! 

1 gm. 


Palouse silt loam 


1 

0.25 


0.000 

0.183 

0.183 

o.ooo; 

0.140 

0.140 

0.000 I 

0.132 

0.132 

2 ' 

! 0.5 

i 

0.083 

0.241 

, 0,324 

0.021^ 

0.266 

0.288 

0.043 ! 

1 0.236 

; 0.279 

3 

1 1.0 

1 

0.353 

0.334 

1 0.687 

, 0.174' 

0.442 

0,616' 

0.230 1 

0.351 

0.581 

4 

1.5 

I ! 

0.7061 

0.406 

1.110 

0.468| 

0.532 

1.000' 

0.523 

, 0.398 

0.921 

5 

1 

0.4 

0.000 

0.180 

0,180 

0.000 

0.197 

0.197, 

0.000 

0.190 , 

1 0.190 

6 

! 

0.8 

0.000 0.456' 

0.456' 

o.ooo' 

0.414' 

0.4U' 

0.000 

1 0.405 ' 

0.405 

7 


1.6 

0.000 

0.915' 

0.915* 

o.ooo' 

0,820' 

0.820 

0.000 ' 

0.801 

0.801 

8 


2.4 

0,02 

1.250 

1 1.270^ 

0.000 

1.200 

1 1.200 

j 0.024 

1.172 

1.196 


Caldwell silt loam suhsail 


9 

0.25 


0.062 0.153 

0.215 

* 




10 

0.5 


0.1871 0.122 

0.309 

0.136 0.102 

0.239 0.115 

0.121 

0.236 

11 

1.0 


0.644 0.122 

0.766 

• ! 




12 

1.5 


0.852 0.132 

0.984 

0.610| 0,226 

0.936 0,592 

0.232 

0.824 



1 0.4 

o.ooo: 0.213 

0.2U 

0.005 0.153 

0.1581 0.000 

0.153 

1 0.153 

14 ' 


1 0.8 

0.042| 0.427 

0.469' 

0.032 0.322 

0.355 0.014 

0.324 1 

j 0.338 

15 


1.6 

0.104| 1.065 

1.169: 0.087i 0.523 

0.610 0.120 

0.458 ' 

I 0.578 

16 


2.4 

0.124 1.180 

1.304 

0,038| 1,160 

' 1.100 0.077 

1.021 

1,098 


Boise silt loam containing natural alkali, chlorides and sidfales 


17 

0.25 


0.041 

0.101 

0.142 

0.054 0.083 0.138' 

* 0.067 

0.102 

0.169 

18 

0.5 


1 0.124 

j 0.091 

0.215 

0.092 0.093 0.1861 0.120 

0.118 

0.238 

19 

1.0 


O.623I 

0.000 

i 0.623* 

0 305 0.149 0.454' 

' 0.288 

0.142 

0.430 

20 

1.5 


0.873 

0.061 

* 0.934' 

0.392, 0.178j 0,770l 

0,521 

0.204 ! 

0.725 

21 


0.4 ' 

1 0.000 

0.233 

0.233* 

0,000 0.146 0.146 

0.014 

0.151 

0.165 

22 


0.8 * 

j 0.000 

0.456 

0,456 

; 0.000 0.341 0.341 

0.009 

0.276 

0.285 

23 


1.6 1 

1 0.02 

i 0.781 

0,807 

: 0.016 0,595 0.611' 

0.034 ' 

0.500 

0.534 

24 

1 

2.4 

0.083 

1.078 

1.161 

0,016 0.940 0.956 

0.240 

0.302 

0.542 


Boise silt loam free from alkali chlorides and sulfates 


25 

0.25 


0.146 0.071' 

0.214{ 0.092 0.070 

0.163 

: 0.067 

0.053 

0.120 

26 

i 0.5 

i 

0.104 0.151 

0.257 0.195 0.118 

0.313 

I 0.158 

0.061 

0.219 

27 

1.0 


0.644j 0.071 

0.715 0.429 0.120* 

0.549* 

i 0.389 

0.167 

0.556 

28 

1.5 


0,996 0.010; 

, 1.006 0.598' 0.241 

; 0.839| 

0.628 

0.228 

0.856 

29 


0.4 

0.047 ; 0.193 

0.240] 0.032; 0.149 

i 0,182 

0.024 

0.141 

0.165 

30 


0.8 

0,083' 0.344 

: 0.427; 0.049 0.330 

' 0.379 

0.034 

0.325 

0.359 

31 


1.6 

0,166 0.666: 0,834^ 0.076, 0.662; 0.738 

0.086 

0.572 * 

0.658 

32 


2.4 

j 0.104 1.135 

1.239 0.060j 1.020 

: 1.080 

' 0.101 

0.927 

1.028 


* Lost. 
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FtG. 6. TDiacram. Representin-g Successive Soorcnf Carbonate and Sodium Bicarbonate Treatments and Respective Salt Recovery ax the 

End of Each Series 
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concentrations was placed in small wide-mouth bottles and set aside in the 
greenhouse. These soils were kept in an air-dry condition throughout the 
entire period of the experiment in order to observe the behavior of the carbon- 
ate and bicarbonate salts in air dry soils. The soil was analyzed December 23, 

1920, immediately after mixing. The results are the same as given for the 
moist soils for that date. Additional determinations were made on November 2, 

1921, approximately eleven months after mixing, and on February 7, 1923, 
approximately twenty-six months after the beginning of the experiment! 
The results are given in tables 3, 4 and 5. 

While a comparison of the recoveries made eleven and twenty-six months 
after mixing shows variation in amounts recovered, a general similarity exists 
for all four soils in that the determinations made eleven months after mixing 
are considerably lower than the results obtained at the beginning of the experi- 
ment. The recoveries obtained twenty-six months after beginning the experi- 
ment, or fourteen months after the second sampling, show that very shght 
changes have resulted, and only a slight reduction in total recovery is noted. 

In pots 24 and 26 there is noted a larger decrease in the amount of recoverable 
salt at the last period of sampling. These discrepancies are due to the fact 
that water leaked into these bottles from the greenhouse roof and the soils 
became moist before it was noticed. They were allowed to dry out again, but 
a change had taken place in the equilibrium as noted in the results. 

In the dry condition, it was noticed that the soil did not change the bicarbon- 
ate salts into carbonates but the soils showed the same relative power to change 
carbonates into bicarbonates that was observed with these same soils when 
maintained in a moist condition. In pot 24 the high recovery of normal car- 
bonate from the bicarbonate addition was due to the accidental contamination 
by water as previously mentioned. 

In all soils the total recoveries of the bicarbonate additions are greater than 
the normal carbonate. 

In the Boise silt loam containing natural alkali we find a higher percentage 
of recovery with the smallest addition than with the largest additions, both with 
the carbonate and bicarbonate. This is contrary to the results obtained 
on the other three soils. 

THE ABSORPTION PHENOMENA OF SODIUM CARBONATE IN SOILS 

It has long been known that some of the additions of sodium carbonate salts 
could not be recovered in a water extract of the soils. In other words, each 
soil has a capacity for retaining a certain portion of the added salt. The 
amount of sodium carbonate recoverable is an indhddual characteristic for 
each soil. Clays and soils high in organic matter are known to absorb more 
carbonate salts than sands. 

The additions of carbonate produce a distinct physical and chemical effect 
on soils. In small amounts sodium carbonate has proved a stimulant to the 
growth of certain crops on many soils. In the alkali tolerance studies carried 
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on at this station the writers have repeatedly found stimulation as shown by 
increased yields of crops treated with small dilutions of sodium carbonate over 
the pots receiving no treatments. Other investigators have reported similar 
experiences. 

In the present investigation it wiU be noted that four treatments were made 
to the first series, varying in concentration from 0.25 to 1.5 per cent sodium 
carbonate. It was found that the percentage of retention or absorption 
varied with the minimum and maximum additions of carbonates, for the soils 
in the experiment, some of the soils showing a smaller percentage retention 
with the minimum than with the maximum additions, and vice versa. This 
is only to be expected for it demonstrates the individual characteristic of each 
soil towards absorption. It must be borne in mind that the larger additions all 
show a much greater absorption in the soil, regardless of the percentage of 
recovery. When one per cent additional sodium carbonate was added to the 
soils in the second series, we had concentrations of 1.25 per cent as the mini- 
mum and 2.5 per cent as the maximum. These concentrations were sufficient 
to materially change the physical condition of the soil. It must be admitted 
that these concentrations of the second series are all far in excess of sodium 
carbonate which can be tolerated by crops. In considering the recovery of 
salts from these soils, we find that the addition of the one per cent sodium 
carbonate to soils in the first series had reached an equilibrium as indicated by 
chemical analysis of the water extract and to which the maximum addition 
of 1.5 per cent sodium carbonate was thought to show the maximum ab- 
sorption showed instead an added capacity of absorbing sodium carbonate. 
One of the soils, e.g. the Palouse silt loam, attained almost a similar equi- 
librium at the first sampling as was found thirteen months later. The remain- 
ing soils all showed a decided decrease in salts recovered and a corresponding 
increase in salts absorbed. 

It may seem somewhat strange that soils show an added capacity for 
absorption or retention of carbonate salts after the first equilibrium had taken 
place in the first series. A tentative explanation is offered here. 

As early as 1888 Van Bemmelen (15) in studies on soil absorption concluded 
that the chief absorptive power of a soil is due to the colloidal oxides and sili- 
cates present in it. He stated that the soil contains colloids, colloidal silicates, 
iron oxide, silicic acid and humus substances, all of which bring about these 
reactions and tend to change the equilibrium, thereby causing considerable 
absorption in soils. 

It is noted in this work that more carbonates are absorbed from concentrated 
than from dilute solutions. Even if the concentrations were very low, e, g. 
0.25 per cent, the entire salt was not removed by the soil. This fact has been 
mentioned frequently in the literature in discussing absorption of salts by 
soils. 

It is quite possible that sodium carbonate when added to soils reacts with the 
constituents already present in the soil and is therefore, removed from the 
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soil solution as carbonates or changed into other forms. One such possible 
reaction is that between sodium carbonate and the silicates of the soil. 
Macintire, Willis, and Hardy (13) have demonstrated such reaction when 
magnesium carbonate is added to soils. We have, therefore, a change of car- 
bonate to silicates with a loss of carbon dioxide. 

It is evident then that an analysis of a water extract of soils to which salts 
were added would not show a total recovery of salts as CO3 and HCO3. Here 
it is seen that this unrecovered portion would be considered as absorbed 
by the soil, but this absorption would on the other hand not be due entirely 
to the sodium carbonate removed as such by the soil, but would be partly 
due to the resultant of the interreactions of silicates and carbonates. Such 
reactions have been shown to take place easily. 

Chief among the investigations describing the above cited reactions is the classic work of 
Lemberg (9), who demonstrated that an exchange of bases can take place between a silicate 
and salt solution; by the addition of a free base to the silicate from an alkaline solution or 
by the addition of the entire salt. Sullivan (14, p. 5-36) has developed additional data 
on the base exchange theory in regard to salts and silicates. lie states, ‘‘Where the solution is 
alkaline in reaction, containing a soluble hydroxide dissolved as such or a salt made up 
of a strong base and a weak acid (as the carbonates, silicates and phosphates of sodium and 
potassium) which is hydrolyzed by water with resulting formation of free alkali; its behavior 
with clay, soils, etc., is due largely to the presence of colloid silica or aluminum silicate, and 
consists primarily in the direct addition of alkali to these solids, without substitution, insolu- 
ble silicates or alumino-silicatcs being found.'* Armsby (1) has also discussed the nature of 
absorption of bases by silicates and pointed out that the absorption is in accordance with the 
law of mass action. He illustrates experimentally the reason that no relation of chemical 
equivalence existed between the quantity of base taken up and the quantity of any single 
constituent in the soil. The reason for this was not explained by Way (16) and others when 
they attempted to use this fact as evidence of a physical surface absorption phenomena 
rather than a chemical reaction in soil. Henneberg and Stohmann (6) found that the 
greater the amount of solution of a salt taken with a fixed quantity of soil, the greater was the 
absorption. In certain cases doubling the amount of solution increased the amount of absorp- 
tion by one-fifth. E. A. Fisher (3) has assembled and critically discussed the views of several 
investigators on the absorption phenomena in soils. 

Because of the possible reactions which may occur between the soil and an 
added salt such as sodium carbonate, it is suggested that a part of the additions 
of sodium carbonate not recoverable in the water extracts may not exist as such 
in the soil but may have been changed into other forms and may not have been 
absorbed as sodium carbonate. This conclusion has some support in the 
fact that the salt additions to the soil gradually come to an equilibrium; 
very rapidly at first with the more concentrated solutions and then more gradu- 
ally until only slight changes occur. In the second series with the heavy 
additions the major equilibrium reactions took place rapidly and varied but 
slightly during the remaining period of contact. Here it is evident that con- 
centration played a considerable part in the speed with which the general 
point of equilibrium was reached. It is quite evident that one of the chief 
factors of equilibrium in soils is the solubility factor of the salts entering into 
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the reactions but to attempt to fix anything but generalities in the rate 
of equilibrium reactions in soils would be the utmost folly because of the 
complexity of the media involved. It appears that the solubility of the 
silicates in the soils has much to do with the rate of reaction and this in part 
accounts for the gradual change in equilibrium resulting in adecrease in amount 
of recoverable salt as time elapses. Slight deviations from time to time might 
be accounted for by the difficulty of securing uniform samples and by the 
reversibility of the reactions occurring in the soil. 

The three soils are somewhat different in texture. The Palouse silt loam 
is quite high in organic matter; the Caldwell silt loam subsoil contains consid- 
erably more clay than the other two soils; the Boise silt loam borders on a 
sandy loam. The final recovery of carbonates in general is less with the 
Caldwell soil containing considerable clay. Very little difference is noted 
between the other soils. In discussing the bicarbonate recoveries in general it 
must be said that the reverse of the carbonate series is true. 

The entire work tends to show the extreme ability of a soil to establish 
an equilibrium between added salts even when added in a so-called cumulative 
manner. 

So many factors must be considered in discussing absorption in soils, since 
soils are so complex and varying in nature that these suggestions on the 
absorption of carbonates are only offered as tentative explanations. The 
fact that the recoverable and not added carbonate salts are the criterion for 
determining toxicity of plants may be partially explained by the fact that the 
absorbed salts have been changed in part to other forms. Cognizance is taken 
of the fact that absorption of sodium carbonate per se by the finely divided 
material present in soils may and undoubtedly does take place. This absorp- 
tion may be classed as mechanical in nature, or purely surface absorption. 

SUMMARY 

1. Absorption increased rapidly from the initial mixing of salts until a 
maximum was reached, after which the time of contact had little influence 
upon the percentage absorption of added salts. 

2. After the equilibrium was reached in the first series, additional salts 
added to these same soils resulted in an equilibrium similar to that established 
in the first series. A notable feature of the second series of added salts is that 
the soils responded to these treatments of added carbonates in a manner similar 
to that of the first series. The soils established an added absorption in a similar 
degree to that of the first series. How long these soils would show this 
same capacity for additional absorption can not be stated since these experi- 
ments were concluded after two additions of salts. 

3. Addition of carbonate salts to soils, immediately showed a portion of 
the recoverable salts as bicarbonates. The extent of this change depended 
chiefly upon the individual soil. Bicarbonate additions to moist soils showed 
recoverable salts determined as normal carbonate after a short period of 
contact. 
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4. Within the range of concentrations of salts added, these four soils 
showed a greater absorption for the greater concentrations of added salt. 

5. The four soils were assumed to be widely different at the beginning 
of the experiment, but at the conclusion, or when equilibrium was established 
they showed very similar capacities for absorption. 

6. Differences of absorption were more noticeable with the four soils when 
the salts were in contact for short periods indicating that greater absorption 
takes place when the concentration of salt was the highest. 

7. Carbonate and bicarbonate salt treatments to soils maintained in an 
air-dry condition showed much less absorption than soils maintained at 
the optimum moisture content. In air-dry soils a part of the carbonates 
were changed to bicarbonates. Bicarbonate additions were not changed to 
carbonate in any great degree. 

8. It is suggested that a portion of the sodium carbonate, not recovered in 
the water extract and generally conceded to be absorbed by the soil, is in 
reality changed into other compounds, which makes it impossible to secure 
a quantitative recovery. 
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INTRODUCTORY 

In the expansion of earlier studies upon the activities of the different oxides 
and carbonates of calcium and magnesium, forty-six lysimeters were installed 
July, 1914. This equipment has been described and illustrated in previous 
reports (6', 7) upon certain phases of the general problem. The annual and 
8-year losses of calcium and magnesium, both direct and as a result of subsoil 
interchange induced by leachings from excessive additions, are given in this 
contribution. It will be shown also that excesses of solid-phase calcic and 
magnesic materials in the surface soil are reversibly repressive upon the solu- 
bility of native stores of the alkali-earths. Certain calcic and magnesic 
treatments depressed calcium and magnesium outgo decidedly below cor- 
responding losses from the untreated control. A supplementary article will 
report leaching data from much smaller amounts of calcic and magnesic 
materials. 


EXPERIMENTAL 

Each material, CaO, MgO, CaCOg, MgCOs, limestone, dolomite, and 
magnesite was used in chemical equivalence at the rates of 8, 32, and 100 
tons of CaO per 2,000,000 pounds of moisture-free soil. Each addition was 
made to surface soil only and to soil underlaid by a 1-foot depth of clay sub- 
soil. One wollastonite and one serpentine addition were also made in deep 
tanks. All additions were mixed throughout the full depth of the surface 
soil. The compositions of the additions have been given in a previous (8, p. 2) 
contribution. The soil used was an acid loam secured from a near-by source. 
It was protected from dr^ung out during the process of screening, sifting, and 
admixture of treatment. The surface soil contained 0,18 per cent CaO and 
0.30 per cent MgO, while the subsoil contained 0.19 per cent CaO and 0.47 
per cent MgO. 

Periodic collections of leachings were aliquoted and acidified with HCI 
to obtain annual composites. One-liter portions of composites w^ere con- 
centrated for the determination of calcium and magnesium by standard 
methods. 
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PRESENTATION OF DATA 

Each annual and total outgo of calcium from the surface soil alone is shown 
in juxtaposition to the outgo from surface soil after its passage through sub- 
soil for the additions at the 8-, 32- and lOO-ton rates in tables 1, 2, and 3, 
respectively. Annual and total losses, or retentions, of magnesium are shown 
in the same manner in tables 4, 5, and 6. Only the totals are considered in 
this contribution, though nitrates, sulfates, carbonates, bicarbonates and 
hydroxides have been determined. Since all treatments were based on 
chemical equivalence, the losses and increases are expressed throughout as CaCOz- 
equivalence, for both calcium and magnesium. The totals and the annual 
averages for the first and second 4-year periods and for the full 8-year period 
also are given. In the third from the last column of each of the six tables are 
given the differences between the total losses from the shallow tanks and those 
from the corresponding deep tanks. Such differences show the direct losses 
from the excess of the applied calcic or magnesic material, the amount of 
applied base stopped by the subsoil, and the increase due to liberation of 
calcium by the base applied in excess to the surface soil. 

OUTGO OF CALCIUM FROM TREATMENTS IN FORTY-SIX TANKS 

From burnt lime. The maximum loss from the 8- and 32-ton treatments 
in the shallow tanks came during the first year. The 100-ton addition gave 
unusually heavy yields during the first three years, with the maximum for 
the third year. The loss from the light treatments was due entirely to bicar- 
bonate, nitrate, and sulfate of calcium; but considerable Ca(OH )2 came from 
the two heavier treatments. More than one-half of the loss from each addi- 
tion came during the first 4-year period. The total losses during both 4-year 
periods and during the full period increase in the order of increase of treat- 
ment, but not in direct proportion. 

The yields from the deep tanks were uniformly less and but a fraction of 
the yields from corresponding shallow tanks. Differing from the shallow 
tanks, no Ca(OH )2 has ever passed through the subsoil. Of the totals, 7194, 
9530, and 27,349 pounds from the three rates in the shallow tanks, the sub- 
soil caused respective stoppages of 4270, 7174, and 24,566 pounds. 

From burnt magnesia. The MgO treatment proved decidedly depressive 
to the outgo of calcium from the surface soil. The average annual loss from 
the shallow^ control was 205 pounds, while the annual losses from the 8-, 32-, 
and 100-ton MgO additions were 117, 70, and 68 pounds, respectively. By 
reference to tables 4, 5, and 6 it will be seen that, coincident with depressed 
calcium outgo, large quantities of soluble salts of magnesium came from the 
MgO additions, the outgo increasing Mth rate of addition. It is an estab- 
lished fact that solutions of neutral salts of the alkalies and alkali-earths will 
effect a liberation of one or more of the soil bases not present in the treatment 
solution. But the depressive influence of the added MgO upon the surface- 
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Amounts of calcium salts leached from a loam soil during an 8-year period — Nine calcic and magnesic additions at rates equivalent to 32 tons of CaO 

per 2,0(X),(X)0 lbs. of soil 


4 


W. H. 

MACINTIRE, W. 

M. SHAW AND J. B. 

YOUNG 





3ffB3J33Q 


Tt< 


X 

CN 






S 

7$ d 

sscaionj 

'C -tJH 

00 

Ov ^ 

X 

VO 

X 

(N X 

VO v-l 

X 

X X 

CN O 
\0 

,1 Ov 

X CN 

It CN 

It 

»-* 

CN 

X it 

X CA 


d 

pappiX JO 
pjddois ftoscjng 

TJ 

0. ^ 

0 

cn 

IN 

'0 

OJ 

a, 

a ^ 

O CN 

vli 

AO 

<U 

S X 

_U CN 

a 

Cl, X 

0 X 
^ CN 

CO Tfv 

f Stopped 
\2612 

f Yielded 
\1713 

X 

It X 
1-1 




O VO 
fTi lO 

IT) 

Ca cn 

2; ro 

O lo 
lO Ov 

CN 

O VO 

VO X 

VO CN 

VO CN 

>4^ Ov 

X 

VO X 

X 

w X 
Tf X 
VO X 
VO CN 

X vo 
it X 

CN vo 

X CN 

it r- 

X Ov 

CN Ov 
w CN 

X o 
rn vo 

tN X 



jenuuTj 32 bi^av 

»-l IT) 

CA CA 

T-H (N 

-4) CA 

VO VO 

CO 

X X 

X X 

X CN 

CN X 

X 

O ^ 
X Ov 
X CN 

VO o 

X X 
vO X 

i-H X 

VO t- 
1-1 X 

Vlt X 
X Ov 
CN VH 

X 

X 

X 

X 


S 


T)< 

s s 

"5 

0\ f' 
r, vo 

CN X 

X CN 

OV Ov 
o ^ 

X -rH 

X »-i 

Ov v4 
O CN 

X ^ 

CN X 
vO CN 

It It 

CN i-H 

X X 

Ov X 

X X 

X -H 

vo Ov 

CN tH. 



0 ^ 
a 

W} 

^unauB 

3SBI3AY 

O 

VO fn 

0\ CN 

O 

CN 

X X 
r'. Ov 
r^ CN 

vO Ov 

X 

CN 

X VO 

i-t 

X 

VO VO 

11 X 
vO X 

O X 

X X 
ii X 

vo X 

1 -H Ov 
X >1 

CN 

X 


jB3it qii’Sig 

00 VO 

00 CN 

CA CN 

X Ov 

VO CN 

Ov CN 

X 

O Ov 

Ov CN 

CN 

CN Ov 

At O 
X X 

it X 
vo X 

CN —I 

X X 

1-4 X 

O' t- 
X X 
X CN 

X 

vo 

X 

X 


iMit qtasAOS 

o 

Ov IM 

X O 

Ov i:^ 

X ^ 

^ X 
!>► CN 

§8 
tH CN 

X vo 
O X 
t' CN 

O CA 

X X 

vo CA 
it 11 

1-1 X 

t-i It 
VO tH. 

ll- 

X 

o 

X 


JB3X qgng 

o> O 
es lo 
th r^j 


o\ 

X 

X X 

Sg 

X 

CN X 
X 

X 

It CA 

CN ^ 
r- it 

X X 

X ii 

1-1 X 

X X 
vo 

X CN 1 

CN 

it 

1 X 

1 

d 

KsX qi;|j 

lO 
lo ro 
t- fs 

X S 

CN 

O X 

X X 

CN 

X r^ 

X vo 
X OV 
r- CN 

X Ov 

X Cv 

X CN 

CN X 
it X 

1-1 X 

O' CN 
CN -1 
CN 1-1 

j it 
i X 

3 

c 

< 



CA CS 

00 fO 

O Ttv 
in ^ 

O VO 
ro X 

CN O 

/>. Tfl 

VO 

X o 

X T-v 

X Tfv 

CN 

^ O' 
X X 
X o 
X 1-1 

VO X 

X n 
r>. CN 

CN 1-H 

vo Ov 

X X 
vo *t 

O cv ^ 
-1 o 

O 1- 

1 

1 


H ^ 

{^nuxiB 

aSBisAy 

(N 00 
(M LO 

Tf r<o 

X CN 
lO CN 

I/O 

CN -rH 

Ov VO 

X CN 

X VO 

VO 

X AN 
X Cn 
X CN 

t- X 

O' CP 
vo X 

CN X 
t-i vD 

1-H X 

X CN 
X c^ 
CN n 

i 

X 

1 X 

1 X 


JBsX qunog 

1 X CTv 

1 •<-> 

O. -H 

CN 

X 

I-I rf 

^ o 

O'. 

X vO 

X C-i 

O vo 

X 1-1 

X ^ 

X o 

CN 

O' CN 

X O 

j Ov' 
r- 

'_it^ 


itaX pjiqx 

1 LO »-f 
iTi ID 
fO lO 

rcj Ov 

X v-i 

—1 X 

CN v~f 

O X 

Ov ^ 

X rt* 

X 

^ X 
X X 
Ov X 

X X 

X Cvl 

I*- It 

8 io 

CN X 

CN Ov 
it X 
X CN 

X 

! o 


JB3X pUODOg 

‘O Ov 

I/O sO 
<N lO 

^ X 

CN X 

o 

O X 

CN X 

X X 

O t-t 

X X 

X 

X *!«■ 
CN vO 
X X 

vo X 

X It 

O X 

1-1 Ov 

X X 

11 X 

t-. O 
vo CN 
X CN 

1 x" 

vo 

I x_ 

1 

J«3Jt ^SJtJ 

1 v-* X 

O tr; 

VO ^ 

1 cs 


2 00 

O CN 

X CN 

O X 

X 

^ X 

O 1-t 
X 14' 
X CN 

Ov X 

X Cl 

O CN 

O X 
r- 1-1 

CN X 

CN X 
it X 

i 

t- 

' ^ 



iiosans 

1 c b 

1 ^ o 

fl b 
o 

5?; u 

None 

Clay 

m . 

« b 

0 ^ 
o 

0 b 
0 ^ 
o 

c b 

o jg 

u 

fl b 

0 42 

u 

>1 b 

rt 5^ 

u u 



» 

a 

H 

< 

W 

at 


? 

U 

o 

X 

(5 

u 

d 

u 

6 

O 

X 

c 

0 

u 

£ 

J 

Dolomite 

u 

o 

S 

0$ 

# 

<§ ♦. 

=3 &- 

1 

_e 

•S 

1 


BxajinN BKVi 

X O' 
rvi 

Ov o 

X 

o -- 

X 

—I CN 

7-1 X 

CN X 
1-1 X 

2^ 

It X 
lH X 


§ 

fei 


A.ctua.\ rate o£ 32 tons 



SOIL AND SUBSOIL IN CALCIUM-MAGNESIUM INTERCHANGE 


325 


9 


^ 0. 
31-2 

S e’25 

S5,.2«-3 

3S^3JD3Q 


OC 


92 



X 


'S' 

e 


< 

riS o 

sstojonj 

3214 

247 

356 

CO Cv 
00 CN 
'O CN 

320 

637 

211 

■* ro 
-4 

X CN 

275 1 


8 

0 

1 
,e 


1 

a 

pappiX JO 
paddojs I'losqng 

<u 

a 'O 
a, 'o 

O lO 

-*-> tJh 

C/1 CN 

f A'^ielded 
\3036 

j Stopped 
[3659 

/ Yielded 
[2462 

Stopped 

[4246 

f Stopped 
[2997 

^ Yielded 
[1173 


& 


00 

[leiox 

27349 

2783 

ro 
^ 'O 
vO VO 

CO 

C^^ VO 
vO CN 

904 

3366j 

6739 

2493 

Ov CN 

00 Cv 

Cv Ov 
>0 CN 

*o X 

X O 
lO 


<d 

& 

o 

s 


IcnanB 33 bj3av 

3419 

696 

77 

457 

00 o 

113 

421 

842 

312 

749 

374 

192 

376 

~x” 

X 

X 


s 

1 

8 


c3 

|l_ 


6706 

1457 

270 

1928 

2724 

1499 

344 

1017 

2896 

1318 

2822 

2066 

648 

1479 


e 

o 

8 

O 


S ^ 

w 

icntiaa 

sScjOAy 

1 1677 
364 

00 CN 

O 00 

■.M XT} 

00 -r^ 
v3 ro 

86 

254 

-rjv O 

CN CO 
fO 

vO 

O V-H 

r- xo 

162 

370 

Ov 

CN 

X 

a 

t3 

H 

cu 


JBSvC qiq^tg; 

1136 

278 

72 

3)60 

lO o 
r>. 1/5 

VO ro 

O 
^ cs 

CN 

\c cv 
o 

O ro 

ro VO 

VO X 

^ ro 

ro 

'P 


O 

»< 

Z 

< 

g 

M 

6 

u 


JB.1X qinoAag 

i/^i VO 

O 00 

CN 

76 

387 

VC Ov 
C CN 

Ov w 

X 

VC CO 

648 

440 

160 

342 

rs. 

X 

O 

w 


JE3X qjxtg 

1454 

345 

Ov 
vC r- 

685 

451 

88 

306 

782 1 
425 

V6£ 

09Z 

165 

464 


p= 4 8 
c § 

H j; s? 

i 

R 

jb3j( q;jij 

2751 

548 

61 

402 

00 Ov 

O CO 

^8 

724 

271 

701 

466 

147 

345 

1 lO 

V- fvT 

1 ^ 
Qo 

a 

U 

3 

n 

c 

< 

|| 

l^lOX 

20643 

1326 

347 

1725 

'O ^ 

CO 

560 

2349 

X 

Ap 

VO CN 
'TH Ov 

X 

887 

1229 


a 

a 

tio 

.a 



2 a 

l^nuu^ 

33-EJ3AV 

5161 

332 

87 

431 

Tf U-. 

Cv 00 
X CN 

140 

587 

961 

294 

792 

232 

222 

307 

53.86 

1 

o 



xeaX q^Jno j 

1641 

201 

7 

135 

lO 

X CO 
CO <N 

26 

126 

391 

143 

CN X 

X X 

79 

182 

ov 

s 

e 

C) 



JWiC piTtlJ, 

8101 

460 

CN 

o 

913 

346 

44 

1088 

990 

267 

832 

269 

217 

432 

CN 

X 

X 

« 

t 



JrsX piioosg 

5725 

506 

57 

679 

0\ vfi 

Cv 00 

Cs CO 

lO Cv 

VC c^ 

CO 00 

859 

418 

741 

291 

172 

419 

X 

vd 

■§ 

*5t 

i 



I?3jC 

5176 

159 

241 

2<06 

00 JN 

CN tH 

125 

236 

1603 

347 

1262 

233 

419 

196 

X 

■o 

Tiosa.is 

None 

Clay 

c ^ 

0 25 

^ D 

None 

Clay 

Non? 

Clay 

None 

Clay 

None 

Clay 

None 

Clay 


Vj 

a 

S 

S 

M 

S 

H 

■< 

U 

« 

H 

CaO 

MgO 

O 

0 

a 

U 

d 

o 

to 

S 

Limestone 

Dolomite 

Magnesite 

. 

<U 

•a 

VO 

a 

a 


aaan.iN SNVi 

15 

36 

w c6 

Jh. X 
»-i CO 

22^ 

Ov o 


w CN 

CN -si* 

cd 



Amounts of fnagnesittm sails salts leached from a loam scril during an S-year period — Seuen calcic and magnesic additions at rates equivalent to 8 tons of 

CaO per 2,000,000 lbs. of soil 


W. H. MACINTIRE, W. M. SHAW AND J. B. YOUNG 



45 


25 


Oy 




N 


(N 

QO 00 


0 rr> 

m i> 

oreaianj 

ro 



M 0 

(N (M 

CC 

(N »-i 

10 rl 

CO 


papisiX lo 
paddojs [iosqng 


<-1 <?. 

[BTiaoB d8eJ3AY ^ ^ 



j aStaiaAy 

1 ^ 


irj 0 
lO 

CS 

JcaK qiaaAag 

59 

267 

laa/: q■^^£TS 

j 84 

1 444 

jmX qijT.l 

i 

44 

260 

k 

j 

248 
10-57 1 

i a 


0 'p 


igaX pjiqx 

36 

323 

1448 

374 

74 

356 

1569 

480 

71 

369 

' 345 
i 350 

1139 

358 

70 

133 

JB3X puoMS 

^0 lOiH ooo ^CO -HfO Ttjvo ^ 

’OO 10 ^ tN-0^ Og^ C^OO 

re CM i>.,ro CM r^CN 0^0 

JB3j£ ISJtX 

112 

279 

2274 

239 

149 

184 

3525 

2^0 

163 

171 

484 

161 

1595 

205 

126 

226 


G ^ 

uosans 5 

iz: o 


Rainfall in inches |47 .78j56 . S4;63 .32|47 . 79| 53.86! ;5l .41 154 .2l|50 .37,55 . 63| 52.9l| j 53.38] 



SOIL AND SUBSOIL IN CALCIUM-MAGNESIUM INTERCHANGE 


327 


c 

C 


si 


e 

•e 

£ 

<3 





•S 

£ 

•9 


0 


o 

0 

a 

z 

& 

o 

ft 

o 

0 
o_ 
o' 

1 
u 

Q 

a 

0 

ft 

S 

1 
s 

s 

O' 

H 

d 

u 

u 

! 

s 

Annual average 

1 variation from 
shallow and deep 
control tanks 

1 

1 

3S0dJ33(J 

40 

18 

1 


3S«aJDCI 

124 

2625 

936 

121 

3595 

1 1695 

1 

5 

112 

266 

151 

912 

202 

138 

50 


S-year period 

pppiif JO 

p3ddo:^s I’toscins 

1 

/ Yielded 
\ 1567 

( Stopped ! 

\ 13263 

/ Yielded 
\ 1366 

j Stopped 
\ 14954 

r Yielded 

1 1105 

f Stopped 1 

1 675 ; 

( Stopped 
\S438 

f 1109t 

1 405t 


[BJOl 

-ctHT-f Or^ 0^*0 OW loO 'fioo Q '■O 

<NC3\ "^OO OvO 0»0 00^ r-O rrO Oct 

>0 0 00 lO r'.O 00 O O r<i T-i t>. 

fst ^-fOO rs OV*^ ■r-l (NO! Q0C4 

00 

rO 

ro 

W) 

[BimtiB a3BJ3AY 

66 

261 

2731 

1073 

88 

258 

3701 

1832 

111 

249 

1 

372 

288 

1018 1 
339 

275 

187 

1 

1 

cJ 

a 

1 

< 

i 

1 

Second 4-year 
period 

mox 

331 

896 

6459 

4713 

357 

1200 

14140 

9288 

499 

1132 

I 1432 
1244 

3881 ' 
1381 

1224 

808 


pnaufl 

33BI3AY 

83 

224 

1615 

1178 

89 

300 

3535 

2323 

' 125 

! 283 

358 ! 
311 

970 

345 

306 

202 

I 52.91 

resiC qtqSia 

65 

181 

1372 

933 

90 

279 

3410 

2068 

100 
216 ; 

368 

294 

945 

328 

326 

231 

VO. 

to 

to 

JB3/C l{nl3A3S 

48 

196 

1455 

1339 

68 

302 

1 

3246 

2241 

97 ' 

272 ' 

276 

293 

836 

301 

273 
173 

o 

103;! qiHS 

130 

299 

2037 

1575 

166 
, 404 

4081 

3290 

318 

408 

490 

395 

1212 

441 

396 
292 

N 

Tfv 

j^3it qijTj 

88 

220 

1595 

866 

33 

215 

,3403 

|1689 

84 

236 

298 

262 

888 

311 

229 

112 

VO 

First 4-year 
period 

inoi 

193 

1195 

15387 

3870 

344 

867 

15469 

5367 

1 

387 ' 
859 

1523 

1056 

4265 

1327 

976 

688 


^entrnB 

33BJ3AV 

48 

299 

3847 

968 

86 

217 

3867 
i 1342 

97 

215 , 

380 

264 

1066 

332 

244 

172 

vd 

00 

CO 

lo 

TB3X qqino^ 

43 

167 

1735 

762 

55 

139 

2678 

1806 

64 1 
139 ' 

173 

167 

671 

288 

150 

150 

CT 

IB3X pjiqx 

26 

508 

4869 

2105 

91 

304 

4969 

2306 

1 

93 

287 

442 

390 

1361 

489 

352 

250 

ro 

VO 

fESX P0033S 

si “S is “R si IS 12 

m ^ - 

io 

VD 

to 

I CO 

t- 

*>■ 

1 ^ 

resX jsiij 

SS S2 SS £S “S "S 

<n ... — — — ^ — ■ 


irosaas 

None 

Clay 

None 

Clay 

None 
; Clay 

None 
j Clay ' 

• 

1 None 
' Clay 

None 

Clay 

None 

Clay 

Clay 

Clay 

i 

^ 1 

H 

i 1 

^oRs l|=*p 

^ ^ ^ L; Q S ^ ^ 

1 

>1 

- 

- if 

i xsuitnN XNVJ 

^ 2;; -s; SS 35 

' 1 ^ 
s 


boil 9CIENCB, VOt. XV[, NO- 5 


* Actual rate of 32 tons of material, 
t Yield in excess of 8-year loss from deep control- 



328 


W. H. MaCINTIRE, W. M. SHAW AND J. B. VOUNG 


pSpptX JO 

paUUo^s [losqnc^ 


g jsnuuB 

« aS^iaAV 


g »} [«;ox ( 

**5 '^'g I 


JB3X piJIJJ. 

51 

402 

3377 

648 

' 163 
299 

6018 

2938 

168 

294 

407 

287 

1316 

413 

JB3/: pn003t^ 

37 

380 

3456 

520 

1 240 
279 

1 

5048 

700 

105 

349 

1 

382 ' 
251 

11084 

1 333 

jtaiC ;sji j 

71 

140 

2002 

181 

258 

120 

4537 

179 

1 

214 ! 
257 

525 

137 

1323 

100 


Rainfall iji inches 147 . 78;56 .54!63 .32|4? - 79, 53.86 Ls 1 .41 :54 . 2 1 SO .37jS5 ,63j 52.911 \ 33.38] 



SOIL AND SUBSOIL IN CALCIUM-MAGNESIUM INTERCHANGE 


329 


soil outgo under field conditions, intimate admixture of the solid phase and 
diffusion of the bicarbonate and neutral salts of magnesium, is different from 
the results to be anticipated when excess of dissolved salts are agitated with 
surface soil and is not in harmony with the accepted concept relative to 
liberation of calcium by an excess of magnesium. It is in harmony, however, 
with previous lysimeter findings (7, 10), in which it was shown that magnesic, 
and also calcic materials proved depressive, rather than liberative, to the 
outgo of potassium salts. 

The reverse condition obtained when the magnesium leachings from the 
surface soil passed through the subsoil. Without exception, all twenty-four 
annual-leaching composites from the MgO additions in the deep tanks carried 
decidedly larger amounts of calcium than those leached from the correspond- 
ing shallow tanks. Furthermore, the CaCOs liberated by the 8-ton MgO treat- 
ment was greater than the CaCO?, recovery from the 8-ton CaO addition and still 
greater than that from the addition of CaCO^ at the same rate. The two heavier 
additions both liberated still more of CaCO^ from the subsoil than was 
obtained as recoveries as soil-subsoil leachings from either the 32- or lOO-ton 
additions of CaO and CaCOji. For the total period, the accumulations of 
CaCO; during the movement of leachings through the subsoil were 2007, 
2444, and 3036 pounds, respectively, for the 8-, 32-, and 100- ton MgO addi- 
tions. These results give corresponding annual averages of 251, 306, and 380 
pounds CaCOs-equivalence, as representing the cumulative effect of the 
subsoil with influx of magnesium salts, as against the 101-pound average 
annual loss, or about one-half of the 205-pound increment leached to it from 
the untreated surface soil. Applying the actual blank of the deep tank, the 
average annual yields of CaCOa from the subsoil appear as 267, 268, and 
356 pounds, for the three additions, in order. 

The difference between the shallow- and deep-tank calcium losses from 
MgO treatments are so striking and consistent as to warrant some attempt 
at explanation. Several possibilities suggest themselves. In view of the 
insolubility of Mg(OH) 2 , it may be assumed that the depression exerted by 
solution phases are to be attributed rather to the bicarbonate, nitrate, or 
sulfate of magnesium. If the calcium content of the subsoil were greater 
than that of the surface soil there would be expected a greater CaCOs libera- 
tion. But the respective contents of 0.18 per cent and 0.19 per cent eliminate 
this consideration as a causative factor. Again it may be that the solubility 
of the calcium compounds in the subsoil is greater than that of those in the 
surface soil, the subsoil being uniformly in a more hydrolytic condition. 
On the other hand, the conditions under which the added material is brought 
into contact with the soil mass through solution varies for the upper and lower 
soil. The surface zone of the soil often may be so dry as to preclude free 
movement of solvent and solute, and when free movement does obtain after 
rainfall, it is more rapid and the period of contact is therefore of less duration 
than in the case of the subsoil. Furthermore, the volume of the subsoil 
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Stratum is greater, the subsoil depth being 12 inches as against approximately 
8 for the surface soil. It may be, therefore, that the difference between non- 
replacement in the surface soil and interchange in the subsoil is due largely 
to difference in bulk and to the time factor. The lysimeter results demon- 
strate the facts as found under the experimental conditions, with emphasis 
upon excessive treatment, but supplementary laboratory investigations are 
necessary and are now in progress, to clarify the problem. 

From calcium carbonate. The three rates show close concordance where the 
precipitated material was used as a control against the burnt lime in the shallow 
tanks. The period averages and the totals show but little variation as a result 
of the range of the treatment from 8 to 100 tons. The three totals of 6593, 
6660, and 6290 pounds indicate that the 8 -ton addition was so uniformly dis- 
seminated throughout the mass of the soil as to insure maximum solvent 
action under the prevailing conditions. Assuming an H 2 CO 3 constant, the 
somewhat smaller outgo from the 100 -ton treatment may be assigned to 
physical causes incident to the increase in bulk resultant from the heavy 
addition. Each of the three additions gave surface-soil losses less than those 
obtained from the respective CaO equivalents. The greater disparities, 
which followed increase in rate were due more to the leachings of Ca(OH )2 
from the CaO than to any Tack of equivalence in outgo of calcium bicarbonate. 
Each annual outgo through the subsoil was distinctly less than the amount 
obtained from the surface soil alone. The subsoil stopped CaCOg at the 
rates of 2759, 4424, and 3659 pounds, respectively, for the 8 -, 32-, and 100- 
ton additions. As pointed out in a previous contribution ( 8 ), this agreement 
between yields from the 8 - and 100 -ton treatments, the slower movement, 
smaller outgo, and greater retention by the subsoil were consistent, the same 
relationships obtaining, so far as determined, for nitrate and sulfate of cal- 
cium, as well as bicarbonate. 

From magnesium carbonate. Magnesium carbonate exerted the same 
positive depressive influence as that exerted by MgO upon the outgo of cal- 
cium from the surface soil, though on the whole not to the same degree. In 
no case did the total CaCOg yield from the MgCOrtreated soil approach that 
from the untreated surface soil. Again, as in the MgO tanks, the MgCOj 
treatment effected a distinct liberation of CaCOg from the subsoil, so that 
the CaCOi passing from the MgCO^ tank was actually greater than that from the 
tank which received CaCOz at the 8-ton rate. This was also true, to an even 
greater extent, in the case of the 32- and 100-ton additions. On the previously 
mentioned assumption that applied MgO is inactive as the hydroxide because 
of the meager amounts of Mg(OH )2 carried in the free soil water, and that 
the depression in calcium outgo is caused by bicarbonate, nitrate, and sulfate 
of magnesium, the discussion devoted to the ougto of calcium salts from MgO 
additions is applicable also to leachings from the MgCOa additions. 

From 100-mesh limestone. The 100-mesh limestone, containing 94.33 per 
cent CaCOs and 1.62 per cent MgCOa, gave a CaCOj yield intermediate be- 
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tween that from CaO and that from the precipitated carbonate at the 8-ton 
rate in the shallow tanks. The total recoveries of 6889, 6641, and 6739 
pounds from the 8-, 32-, and 100- ton treatments show that no increase in outgo 
resulted from increase in rate of application. In like manner the several 
amounts arrested by the subsoil demonstrate the uniformity of its tendency 
to absorb when it receives comparable amounts from the surface-soil leachings. 
From the surface-soil yields of 6889, 6641, and 6739 pounds of CaCOs for 
the treatments, in order, 4249, 4288, and 4246 pounds were stopped. 

From 100-mesk dolomite. The dolomite contained 49.96 per cent CaCOg 
39.11 per cent MgCOg. The amounts of CaCOg leached from it were there- 
fore uniformly less as annuals and totals for the shallow tanks. Differing 
from the leachings from limestone additions, the dolomite additions gave 
increased outgo of calcium with increase in treatment. Although the amounts 
from the shallow tanks were uniformly more than those from the correspond- 
ing deep tanks, for all three rates, the differences were not so large as those 
which were found in the limestone series. With increase in rate, there was 
an increase also in the amount of CaCO? removed from solution by the sub- 
soil, the 8-, 32-, and 100- ton additions having shown removals of 1323, 2612, 
and 2992 pounds, respectively. 

From 100-mesh magnesite. The less soluble magnesite did not show so 
extensive a retardation in CaCOa outgo from the surface soil as that shown 
by MgO and by MgCOa at the three rates. Nevertheless, the totals and 
annual averages showed positive depressive influences. Such were in effect 
more particularly after the first two years. The deep tanks showed CaCOa 
losses consistently greater than those found for the corresponding shallow 
tanks and also controls. The average total of CaCOj increase from the sub- 
soil was comparable to the outgo from the soil, practically one-half of the 
amount leached from the 8- ton additions of MgO and MgCOg, and 35.8 per 
cent of that derived by the solution and leaching of the corresponding CaCOj 
addition to the surface soil. Differing from the MgO, which gave increased 
liberation with increase in rate, and agreeing with the MgCOs, the largest 
outgo of CaCOj from the subsoil came from the 32-ton treatment, which 
yielded 1713 pounds, as against 1014 pounds and 1173 pounds for the 8- 
and 100-ton additions respectively. 

From 100-mesh woUastoniie aiid serpenline. These two materials were 
used only in the deep tanks. The wollastonite contained 45.11 per cent CaO, 
0.48 per cent MgO, and 0.69 per cent CO 2 , while the serpentine contained 0.09 
per cent CaO, 37.79 per cent MgO, and 0.14 per cent COu. After the first 
year all composites of leachings from the wollastonite carried more calcium 
salts than did the corresponding composites from serpentine. However 
both materials gave a larger annual average outgo of CaCOs than that from 
the deep control tank— 284 pounds, 195 pounds, and 101 pounds for wolla- 
stonite, serpentine, and control, respectively. It is thus apparent that ^ome 
of the wollastonite-derived calcium salts passed through the subsoil and 
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that the serpentine-derived magnesium compounds liberated each year about 
100 pounds of CaCOa from soil, or subsoil, or both. Since magnesite exerted 
the same depressive tendency manifested by the more rapidly dissolved MgO 
and MgCOg upon the outgo of calciuni salts from the surface soil, it is more 
probable that the increase in CaCOs above the yield from the control was 
due to an interchange induced in the subsoil by the serpentine-derived mag- 
nesium salts. When calculated to an 8-year loss, the outgo of 802 pounds 
of CaCOrequivalence falls 1471 pounds short of that from the wollastonite. 
In the same manner, an increase of 758 pounds is attributed to the magnesium 
silicate of the serpentine. For each CaCOrpound-equivalent leached from 
the surface and through the subsoil, there was an interchange yield of 0.515 
pound induced by the serpentine. 

OUTGO OP iL\GNESIUM PROII PORTY-SIX TANKS 

It is readily conceded that a solution of neutral salts will effect an inter- 
change of magnesium in the components native to the soil. Very few data are 
available, however, as to the activity of CaO and CaCOa under conditions 
comparable to those of the field. 

Macintire (5) analyzed the three upper 7-inch zones of the limed plots of the Pennsylvania 
Experiment Station, after thirty-years of cumulative liming. The samples analyzed were 
composites of the plots of tiers I-l, which received burnt lime, burnt lime plus manure, and 
ground limestone. It is of course admitted that the results so obtained were subject to the 
error incident to the sampling of so large a total area — one- half acre— for each treatment and 
to the variation in soil t>^e. The ultimate analyses showed, however, that both lime and 
limestone had caused a uniform decrease in residual magnesium. The magnesium content of 
the check, plots, and also that of the composites from both forms of lime, increased with depth. 
This indicated that the treatment had been of effect in the surface soil and of minimum effect 
upon the subsoil; or that it had been of effect in the surface soil with the subsoil showing 
stoppage of part of the induced loss from the surface. Lyon and Bizzel (3) found that applica- 
tions of lime increased the magnesium content in the teachings from a Dunkirk clay loani in 
4-foot tanks. Their results arc consistent as indicating basic exchange in some zone, or all 
zones, of the 4-foot depth, the magnesium content of which increases with increase in depth. 
They do not determine, however, whether the magnesium was derived from the surface or 
subsoil. The same investigators found similar evidence of basic exchange in studies with 
4-foot depths of Volusia silt loam, which differed from the Dunkirk soil in that the three sub. 
soil strata contained iess magnesia than did the surface soil. 

From burnt lime. The outgo of magne.sium salts from the three CaO addi- 
tions in the shallow tanks was uniformly less than that of the shallow control. 
The H-year totals of 490, 524, and 433 pounds for the 8-, 32-, and lOO-ton 
additions represent average annual leachings of 61, 66, and 54 pounds, re- 
spectively, as against 106 pounds from the control. The three lime treat- 
ments therefore caused annual conservations of 45, 40, and 52 pounds, re- 
spectively. The consistent depressive influence was changed, however, to 
an accelerative activity when the dissolved calcium salts reached the subsoil. 
Each of the twenty-four annual leachings from the soil-subsoil tanks carried 
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a magnesium content greater than that from the corresponding surface tank and 
a decided excess over the outgo from the control. The amounts of magnesium 
salts forced from the subsoil, as shown by the differences between surface 
soil and soibsubsoil leachings, were 1818, 1567, and 2095 pounds, respectively, 
or annual averages of 132, 124, and 179 pounds in excess of the control for the 
8-, 32-, and 100-ton additions. 

The unabsorbed portion of the 8-ton CaO treatment remained in the hy- 
drate form only a short time, but hydrate excesses were present for over 
three years where the heavier additions of 32 tons and 100 tons were made, 
as was shown by periodic residual carbonate determinations and by the de- 
termination of Ca(OH )2 in leachings. But such occurrences failed to show 
any liberation of magnesium from the surface soil. It could not be assumed 
that there occurred a liberation of magnesium as the hydrate and that in this 
insoluble form the magnesium was retained by the soil. For since the MgO 
parallel demonstrated that large quantities of MgO were carbonated and 
leached, much if not all of such assumed Mg(OH )2 would have leached as the 
bicarbonate after the conversion of the insoluble magnesium hydrate into 
hydroxide and then into the soluble bicarbonate, thereby showing a larger 
magnesium outgo during the second 4-year period. However, the losses 
during the second 4-year period were relatively the same as those of the first 
4-year period. Furthermore, the calcium carbonate influenced magnesium 
outgo in the same manner. Again, if the repressive action were to be con- 
sidered as due to mechanical protection afforded the native magnesic com- 
ponents by the added calcic forms, the much heavier additions of oxide and 
carbonate at the 32- and l(X)-lon rates would be expected to be still more 
retardative than the 8-ton rate; but such proved not to be the case. Although 
plausible viewpoints might be advanced to explain the failure of the soluble 
hydrate and the lesser soluble carbonate of calcium to liberate magnesium 
from the soil, it is difficult to account for the fact that instead of liberation, 
or non-liberation, there was a positive and consistent removal of magnesium 
from the solution phase in the soil mass. 

From burnt magnesia. The most rapid outgo of magnesium salts from the 
8-ton treatment came during the first three years, with the maximum during 
the first year. A large part of the loss from the surface soil was stopped by 
the layer of subsoil during each of the eight years. From a comparison of 
the totals of 8789 pounds and 2494 pounds from the shallow and deep tanks, 
respectively, it appears that the subsoil retained 6295 pounds of soluble 
magnesium salts. Similar differences from the 32- ton and 100-ton additions 
show the subsoil to have absorbed 13,263 pounds from the former and 12,474 
pounds from the latter. The MgO-COrH^COs balances of the two heavier 
treatments differed from that of the 8- ton addition and between themselves, 
in the shallow-tank leachings. The greatest yearly losses from the 3 2 -ton 
treatments came during lire first three years, as was true of the 8-ton vield, 
but both the second and third years’ losses were in excess of the loss of the 
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initial year. During tlie next five years the losses varied from a minimum of 
1372 pounds during the eighth year to a maximum of 2037 pounds during the 
sixth year. But the 2002-pound outgo from the 100-ton treatment during 
the initial year was the smallest of the losses of the first three years and but 
two-thirds of the minimum of the annual losses of the second dr-year period. 
The total outgo from the 32-ton shallow tank was IJ times greater than that 
from the shallow 100-ton tank for the first 4-year period, but for the second 
dryear period only about 40 per cent of that from the lOO-ton treatment. 
These differences are most probably due to the fact that the excess of oxide 
in the larger treatment accounted for the CO 2 available by the formation of 
more MgCOs and less MgH 2 (C 03)2 than in the 32-ton treatment. 

The soil-subsoil leachings from the 8-ton addition showed more uniformity 
in magnesium content throughout the 8-year period than did either of the 
two heavier additions. After the minimum of the initial year the movement 
from the 32- ton addition increased decidedly, with maintenance of a larger-pro- 
portion relationship to the outgo from the surface soil. Following the mini- 
mum of the initial year, the 100-ton addition gave about threefold increases 
during the succeeding 3 years. The losses for the second, third, and fourth 
years, however, were less than the corresponding losses from the 32-ton addi- 
tion. A distinct increase in magnesium leachings from the 100- ton deep 
tanks occurred during the fifth year, but the still larger increases during the 
last three years of the 8-year period were such as to cause the subsoil leachings 
of magnesium to approach those from the surface soil. With this tendency 
maintained, the 100-ton losses will soon equal and surpass those from the 
32-ton additions. It was interesting to observe during the progress of the 
investigation that the presence of distinct increases in both neutral salts and 
bicarbonate of magnesium appeared in the subsoil leachings of the 32-ton 
addition before such were noted in the leachings from either the 8- ton or 
100-ton additions. 

From calcium carbonate. After the first year, the CaCOs treatments at 
the 8- and 32-ton rates showed the same tendency as that exerted, by CaO 
in depressing the outgo of magnesium from the shallow tanks. The average 
annual losses from these two rates were 81 pounds and 88 pounds, as against 
106 pounds from the shallow control, corresponding to annual depressions of 
25 pounds and 18 pounds. The average annual loss of 157 pounds of CaCOs 
from the 100-ton shallow tank shows that an annual liberation of 51 pounds 
was effected by the lOO-ton treatment. The average annual losses for the 
first and second 4-year periods were in close agreement, 82 pounds and 81 
pounds for the S-ton addition and 86 pounds and 88 pounds for the 32-ton 
addition. 

The outgo of magnesium through each deep tank was larger than that from 
the corresponding shallow tank during each of the eight annual periods for 
both 8- and 32-toii ad<litions and for the last seven of the eight annual periods 
in the case of the l(X)-ton treatments. The amounts of magnesium forced 
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out from the subsoil by the influx of surface-soil calcium salts came in the 
order of 8, 100, and 32 tons. Because of the larger amount of magnesium 
leached from 100-ton treatment in the surface soil, however, the amounts of 
magnesium derived from the subsoil come in the order of 8, 32, and 100 tons. 
The average annual supplements to the leachings from the surface soil, as 
supplied by the subsoil, were 31 pounds for the subsoil control and 218 pounds, 
170 pounds, and 123 pounds where the influences of the 8-, 32-, and 100-ton 
additions were, respectively, of effect. The actual annual increases above the 
outgo from the control were 162 pounds, 121 pounds, and 143 pounds for the 
additions, in order. 

From magnesium carbonate. By far the largest annual outgo of magnesium 
from the 8-ton addition of this treatment in the shallow tank was obtained 
during the first year. Approximately 70 per cent of the total outgo for the 
8 years was obtained during the first 4-year period. The major portion of 
the outgo came as a result of the hydrolysis of magnesium silicates, 
the full addition of the carbonate soon having lieen converted to those 
forms, hive of the eight annual yields from the 32-ton addition to the 
shallow tank were in excess of the initial and maximum annual outgo from 
the 8-ton addition; wdiile the remaining three annual losses were far in excess 
of the next to the largest annual outgo from the 8-ton addition. The excess 
of magnesium carbonate at this rate was such as to afford large quantities 
of the hydrated carbonate for solution in the free soil water. Of the grand 
total outgo, 52.2 per cent was obtained during the first four years. With 
the exception of the fourth year, each annual ougo from the 100- ton addition 
was in excess of the corresponding annual yield from the 32-ton addition. 
Of the 8-year surface-soil loss of 34,492 pounds for the 8-year period, 17,841 
pounds, or 51.7 per cent, passed out during the first 4-year period. The actual 
annual outgo induced by treatment, as determined by subtraction of the 
average annual outgo of the surface control, was 1228 pounds for the 8' ton 
addition, 2595 pounds for the 32-ton addition, and 4206 pounds for tiie 100- 
ton addition. 

Though the several magnesium salts were readily derived from the non- 
carbonate forms resultant from the absorption of the 8-ton addition in sur- 
face soil, they were in large part absorbed by the subsoil, without evirlence of 
any diminution in this property at the end of the 8-year period. Ne\ erthe- 
less, the absorption by the subsoil was not absolute, for the 345-poiind annual 
average outgo was 208 pounds in excess of the 137-pound loss from the con- 
trol. Although the stoppage by the subsoil was much greater for the 32-toQ 
and 100- ton additions than for the 8-ton addition, the proportion between 
losses from soil and soil-subsoil were not so large for the heavier additions 
Of the totals of 10,751, 29,609, and 34,492 pounds which passed from the 
additions of 8, 32, and UX) tons, respectively, in the surface soil, the amounts 
retained by the subsoil — 7992, 14,954, and 14,765 pounds — represented re- 
spective per cent equivalents of 74.3, 50.5, and 42.8, The average annual 
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increases in outgo above the loss from the deep control were 208, 1695, and 
2329 pounds for the three treatments, in order. The amounts of treatment 
leachings absorbed during the first 4~year period were greater, for each rate, 
than the corresponding amounts retained during the second 4-year period. 
The subsoil absorbed during the first 4 years 6257, 10,102, and 12,128 pounds 
from 8, 32, and 100 tons, respectively, as against 1735, 4852, and 2637 pounds, 
during the second 4-year interval. 

From 100-mesh limestone. The general tendency of the 8- ton-limes tone 
addition was to depress the outgo of magnesium from the surface soil, the annual 
average of 87 pounds being less than that of 106 pounds from the control. 
In agreement with CaCOg, the addition of the maximum amount caused a 
reversal in this relationship, while the yield from the 32-ton addition was 
very close to that from the untreated soil. 

Applying the average annual outgo from shallow control to the three treat- 
ments, in order, depression of 19 pounds per annum was shown for the 8- ton 
addition and increases of 5 and 15 pounds, respectively, for the two heavier 
amounts. 

After the first year all of the subsoil leachings from limestone at the three 
rates carried more magnesium than did those from the corresponding surface 
soil, and also more than those from the soil-subsoil control. With increasing 
order of treatment the yields of magnesium from the subsoil were 1456, 1105, 
and 1318 pounds. After deduction of the average annual from the deep 
tank, these three amounts represent actual subsoil releases of 132, 112, and 
148 pounds per annum, respectively. 

From 100-mesh dolomite. All annual losses from the surface soil which 
received the three dolomite treatments were in excess of the corresponding 
losses from the shallow control. Increase in rate of additions gave no in- 
creases in total outgo from the surface soil The totals of 3010, 2975, and 
2867 pounds for the 8-, 32-, and 100 ton treatments, respectively, represent 
average annual losses of 376, 372, and 358 pounds, as against 106 pounds from 
the control, or net corresponding losses of 270, 266, and 252 pounds. 

The subsoil leachings from the dolomite are distinctive, as differing from 
those of the other eight oxide, carbonate, and silicate forms. In all of the 
other eight materials either calcium or magnesium was a preponderant com- 
ponent and this relationship obtained in their carbonated-water solutions. As 
a result, there was in every case a yield of one base and stoppage of the other, 
as will be seen by comparisons between the third from the last columns of 
tables 1 and 4, 2 and 5, and 3 and 6. But the CaCOg and MgCOg content 
of the dolomite were on a near-parity. The magnesium carbonate content 
of 39.11 per cent, equivalent to 46.42 per cent CaCOg, gives a ratio of 1:1.08. 
Carbonated water extractions of this dolomite showed that the two carbonates 
dissolved in practically the proportion in which they occur in the rock. There 
was therefore a stoppageof both calciumand magnesium by the subsoil underly- 
ing 3 of the 6 dolomite additions. It is interesting to observe that the surface- 
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soil losses of magnesium from the dolomite additions were not correlated 
with rates, and that the calcium outgo increased with increase in treatment. 
Without deduction of the yield from the shallow control, the ratio of magne- 
sium, in chemical equivalence, found in the leachings was 1:1.19 for the 8- 
ton addition, 1:1.76 for 32 tons, and 1:2.09 for 100 tons. Applying correc- 
tion for the average annual of magnesium and calcium from the control, 
the ratios of MgCOa to CaCOa, based on chemical equivalence, are 1:0.90, 
1:1,70, and 1:2.08 for the 8-, 32-, and lOO-ton additions, respectively. In 
the deep-tank leachings, the ratios of MgCOs to CaCOa, on chemically equiva- 
lent basis, were found to be 1:1.13, 1:1,15, and 1:1,36 for 8, 32, and 100 
tons, respectively, as a result of the absorptive influence of the subsoil. Apply- 
ing the average annual outgo of 137 pounds of MgCOa and that of 101 pounds 
of CaCOa from the deep- tank control, the corresponding ratios of MgCOj 
to CaCOa, on chemical equivalence basis, arc 1:1.61, 1:1.52 and 1:1,99. 

From 100-fnesk magnesite. Each annual outgo of magnesium from the 
shallow tanks at the three rates w^as decidedly increased (about ninefold) 
where magnesite additions were made. The totals for the first 4 years were 
very close, 4331, 4265, and 4287 pounds, respectively, for the 8-, 32-, and 100- 
ton treatments, while the corresponding yields for the full 8-year period were 
7670, 8146, and 7890 pounds. These results show the surface-soil outgo to 
be independent of increase in rates within these limits. Corrected for the 
average loss of 106 pounds from the control, the three magnesite additions 
yielded yearly averages of 853, 912, and 880 pounds. 

Each of the twenty-four annual subsoil leachings contain a much larger 
amount of magnesium salts than the corresponding leaching from the surface 
soil. A part of each total surface outgo, however, passed through the subsoil. 
The three treatments showed average annual losses of 254, 339, and 319 
pounds, in order, as against 137 pounds from the deep control, or actual 
treatment yields of 117, 202, and 182 pounds. The differences between^the 
totals for each pair of shallow and deep tanks showed absorptions of 5539, 
5438, and 5331 pounds, respectively. When compared with the stoppage 
exerted upon the leachings from MgO and AlgCOa, the results show that 
within so wide a range of concentrations of magnesium salts, there is both 
movement through and absorption by the subsoil. The extensive absorptions 
of 14,765 pounds from MgCOa at the 32-ton and lOtbton rates were nearly 
three times as great as the maximum of 5539 from the three magnesite treat- 
ments. Nevertheless, with this demonstrated absorption coefficient, consid- 
erable fractions of the magnesite-derived magnesium salts leached through 
the subsoil. 

From 100-mesk woUastonite and serpentine. The calcium salts derived from 
the wallastoiiite in the surface zone displaced more magnesium from the su^ 
soil than was contained in the teachings from the deep control tank. T e 
magnesium outgo induced by the woUastonite was actually I j- times that wffich 
resulted from the magnesium silicate of the serpentine addition. e 
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increase in outgo of magnesium salts per annum from the serpentine addition 
was 50 pounds, which shows that with less concentrations of magnesium salts 
in the leachings, the subsoil permitted their downward movement, though 
the clay may be far from saturated. Based on the S-year calculation from 
the 6-year outgo from the deep control, the calcium silicate of wollastonite 
caused an increased outgo of 1109 pounds CaCOs-equivalent of magnesium 
salts through the subsoil, while the corresponding increase from the magnesium 
silicate of the serpentine treatment was only 405 pounds. Thus for each 
CaC Os-equivalent pound of magnesium salts resulting from displacement 
by the calcium salts derived from the added calcium silicate, there was a 
direct yield of 0.365 pound from the added magnesium silicate. The lesser 
solubility of this particular serpentine, as compared with the readily hydrolyzed 
wollastonite, was established by carbonated water extractions. In this in- 
stance, however, the lesser solubility may be accentuated by a larger propor- 
tional absorption of the leachings from the serpentine, buffered by only about 
one-half as much of calcium salts as were present in the wollastonite leachings. 

TOTAL CALCIUM-MAGNESIUM OUTGO FROM LIMESTONE AND DOLOMITE 

The six limestone tanks and the six tanks containing dolomite afford op- 
portunity for interesting comparisons as to the outgo of total calcium-mag- 
nesium salts. The limestone used is more soluble than the dolomite and of 
course has a much greater calcium-to-magnesium ratio. It will be remem- 
bered that the six materials other than dolomite show an enhanced outgo 
from the surface soil and absorption by the subsoil of the alkali-earth applied 
in excess. The subsoil absorption of a large part of the excess of outgo from 
surface treatment was followed by basic exchange in the subsoil. But in 
the case of the dolomite additions the subsoil effected removal of both calcium 
and magnesium from the drainage waters. The comparable surface-soil 
losses of 6889, 6641, and 6739 pounds from the 8-, 32-, and 100-ton treatments, 
respectively, of limestone resulted in comparable corresponding estopments 
of 4249, 4288, 4246 pounds when the leachings passed through the subsoil. 
The calcium outgo from both shallow and deep dolomite tanks, however, 
increased with increase in additions. The surface losses of -3589, 5248, and 
5989 pounds from the three rates, in order, gave corresponding subsoil leach- 
ings, which carried 2266, 2636, and 2992 pounds. Since the preparation of 
this manuscript Morse (11) has made a contribution explanatory of the 
uniformity of outgo from the reserve fractions of the several limestone addi- 
tions. The parallel of increase in additions and outgo may be accounted for 
possibly by the lesser solubility of the dolomite being offset by the greater 
surface afforded through increase in bulk of treatments. 

The data of table 7 show the relationship between the total calcium-mag- 
nesium leachings from limestone and those from dolomite. The comparative 
uniformity of both calcium and magnesium outgo from the 3 limestone 
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additions in the shallow tanks is responsible for totals of 7583, 7527, and 7703 
pounds, in order. This shows the outgo to be independent of the reserve 
stores of carbonate within the two extremes used. The average annual outgo 
of magnesium from the surface soil containing the three rates is 106 pounds, 
or exactly that from the shallow control. This demonstrates that no libera- 
tion of magnesium was brought about in the surface soil by the treatment. 
On the other hand, along with increase of calcium from the increase in dolo- 
mite additions, the surface soil gave a near-constant yield of magnesium. 
Because of the near-constant outgo of magnesium and the increase in losses 
of calcium, the dolomite showed total surface- soil losses of 6599, 8223, and 
8856 pounds for the three additions, in ascending order. Thus, in the mini- 
mum treatment, the less soluble dolomite gave a surface-soil total outgo 


TABLE 7 

Total cakium-magne^um oiUgo from chemically equivalent amounts of 100-mesh limestone 
and dolomite in a Idam soU— losses expressed as Ihs, CaCO% per 2fXX)f)00 Ihs, of soil 


From tanks mthoui s^d)soil: 

Calcium 

Magnesium 

Total 

From tanks •with subsoil: 

Calcium 

Magnesium 

Total 

Stopped by subsoil 


LIMESrONE DOT-OmiE 


8 

tons 

32 

tons 

100 

tons 

8 

tons 

32 

tons 

100 

tons 

lbs. 

lbs. 

lbs. 

lb!. 

lbs. 

ibs. 

6889 

6641 

6739 

3589 

5248 

5989 

694 

886 

964 

3010 

2975 

2867 

7583 

7527 

7703 

6599 

8223 

8856 

2640 

2353 

2493 

2266 

2636 

2992 

2150 

1991 

2282 

1999 

2300 

2195 

4790 

4344 

4775 

4265 

4936 

5187 

2793 

’’ 3183 

i 2928 

1 2334 

! 3287 

: 3669 


less than that from the more soluble limestone, but the reverse was true 
in the case of the 32-ton and 100-ton additions. Again in the case of the 
amounts of the two bases passing from the limestone treatments and through 
the subsoil, the losses appeared to be independent of rate of treatment, though 
replacement of magnesium in the subsoil was indicated in each instance. 
Hence, the subsoil yields of 2793, 3183, and 2928 pounds of total calcium- 
magnesium salts showed no relation to rate of treatment. But in the case 
of dolomite additions, the increases of calcium losses from the subsoil reflected 
the surface-soil paraUel of increase in dolomite treatment and increase in 
calcium leachings. Therefore, as differing from the limestone outgo of total 
salts of calcium and magnesium through the subsoil, the dolomite totals 
from the subsoil increase with increase in additions. The average total 
leachings through the subsoil from the three additions of limestone and 
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dolomite were very close, 2141 pounds for the former and 2165 pounds for 
the latter. 


SUMMARY 

Calcium and magnesium teachings from 46 lysimeters over an 8-year period 
are reported. Treatments of CaO, MgO, CaCOg, limestone, dolomite, and 
magnesite, in chemical equivalence, at three rates, were made to both deep 
and shallow tanks, Wollastonite and serpentine were also used in deep 
tanks. In summarizing, totals only are considered. 

Increase in additions of CaO caused increases in outgo of calcium salts 
from both soil and soil-subsoil, and also increases in the amounts absorbed 
by the subsoil. Each lime addition caused depression in outgo of native 
magnesium from the surface soil and Kberation of magnesium from the 
subsoil. 

Each MgO treatment depressed the outgo of calcium from the surface soil 
and liberated from the subsoil more calcium than was leached from the cor- 
responding CaCOs additions. The amounts of magnesium leached from 
the surface and the amounts stopped by the subsoil increased with rates of 
additions. 

The outgo of calcium salts from CaCOs in the surface soil was found to be 
independent of the reserves of unabsorbed carbonate, for both shallow and 
deep tanks. Two of the three additions caused depressions in the outgo of 
magnesium from the surface soil, while all three caused augmented losses of 
magnesium from the subsoil. 

All three MgCOs additions depressed the calcium outgo from the surface 
soil and accelerated that from the subsoil. With increased additions, there 
follo^ved increases in outgo, with a maximum of 34,492 pounds, from the 
surface soil. The total amounts of magnesium absorbed by the subsoil were 
practically the same for the 3 2- ton and 100- ton additions, the two being about 
twice as great as the amount absorbed by the subsoil from the 8- ton addition. 

In harmony with surface soil losses from the CaCOs additions, the leachings 
from 100-mesh limestone were practically the same for the three rates. The 
absorptions by the subsoil were also independent of rates of additions. The 
limestone additions showed either depression or but slight accelerations in 
the outgo of magnesium from the surface soil and liberations from the subsoil 

The losses of calcium from both shallow and deep dolomite tanks increased 
with increase in rate of treatment. The magnesium leachings, however, 
failed to show increase with increase in rate of additions. Differing from 
the other treatments, the dolomite leachings from the deep tanks showed 
increases of both absorption and passage for both calcium and magnesium. 

All magnesite treatments showed a depressive effect upon the outgo of 
calcium from the surface soil and liberation from the subsoil, together with 
an augmented effect, independent of rate of addition, upon the magnesium 
yields from the subsoil. 
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WoUastonite materially increased the outgo of calcium from the surface 
soil and through the subsoil and increased the concentration of magnesium 
in tbe soil-subsoil leachings. Conversely, serpentine liberated calcium from 
the deep tank and increased the magnesium concentrations of the deep- tank 
leachings. 

The control subsoil absorbed one-half of the calcium salts leached from the 
surface, which may account for the increase in its yield of magnesium salts. 

Regardless of the concentrations of the several leachings when one base 
predominated, the subsoil absorbed a part of the content of the surface-soil 
leachings and permitted passage of concentrations of the predominant base 
in excess of those from the controls. 

As a general tendency, it may be said that where additions gave a pre- 
ponderance of one alkali-earth, the outgo of the other was depressed in the 
surface soil and accelerated in the subsoil; i.e., basic exchange was in effect 
in the subsoil, but “salting out” occurred in the surface soil. 
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The influence of partial sterilization upon the distribution and activities 
of microorganisms in the soil has been studied in the previous two papers 
(11, 12) of this series. It has been shown that partial sterilization depresses 
the fungi and protozoa and greatly stimulates the development of bacteria. 
This phenomenon is accompanied by an increase in the ammonia content 
of the soil, especially in soils rich in organic matter. It remains to be seen, 
however, ho\v such a modified soil compares with the unmodified soil in its 
efficiency for decomposing organic substances added to it. 

A uniform air-dry Sassafras soil, used in the previous experiments, was placed in 3-kgm. 
portions, in 6 pots and brought to optimum moisture. After three weeks' incubaaon' 
the pots were divided into three groups, two pots in each group. Group 1 was left un- 
treated; 1 per cent of toluene was added to 2, allowed to act for three days, after which 
the soil was spread out to aid evaporation of the toluene; 0.5 per cent CaO was added 
to 3, and after 48 hours soil was spread for carbonation to take place. Numbers of 
microorganisms, nitrate and ammonia content \vcre determined at various intervals, as 
shown in tabic 1 . ’ 

Five days and 20 days after the evaporation of the toluene and carbonization of the 
CaO, several lOO-gm. portions of the soils from the six jicts were placed in tumblers and 
treated as follows: 0.25 gm. of dried blood was added to two tumblers in each group of 
pots, incubated for 2 weeks, and ammonia and nitrate determined; 30 mgm. of nitrogen 
as ammonium sulfate and 210 mgm. CaCOs were added to two other tumblers, which 
were then incubated 30 days and ammonia determined. These two methods for the 
study of nitrification in soil are discussed in detail elsewhere (10); 1 gm. of ground alfalfa 
meal was added to two other tumblers (containing 200 gm. of soil each) which were then 
placed in the respirator and the CO 2 evolution determined, as outlined in the previous 
papers; to two other tumblers in each group of pots, 0.5 gm. of finely cut filter paper 
was added, the mixture was incubated for 19-2 1 days and amount of cellulose decomposed 
determined. s The results are tabulated in tables 2-4. 

The treatment of soil with toluene and CaO temporarily injured the nitrify- 
ing bacteria, as shown in table 2. This phenomenon has been repeatedly 
observed by other investigators. In the case of the control soil, 70 per cent 

^ Paper No. 139 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. 

*lhe authors are indebted to !Mr. Heukalikian of this laboratory for making the 
cellulose determinations. The method used will be described in detail later. 
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TABLE 1 

Injiuence of toluene and CaO iipon the microorganisms and their activities in the soil 
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bacteria, A = actinomycetes, F = fun^^u, C = ciiiates. Am = amoebae, and FI = flagellates. 
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of the soluble nitrogen, as a result of the decomposition of dried blood, was 
in the form of nitrate, while in the case of the toluene and CaO treated soil, 
there was no more nitrate than in the original soil, i.e., the dried blood had 
been transformed into ammonia, but none of this was nitrified. The same 
was true in the case of nitrification of the ammonium sulfate. The toluene 
treated soil was more efficient in decomposing dried blood than the CaO 
treated soil, but less efficient than the control soil. This was due to the 
difference in the active flora. The control soil, rich in fungi, decomposed 
the dried blood rapidly into ammonia and a part of the ammonia was oxidized 
into nitrates by the efficient nitrifying flora. In the toluene- treated soil, 
the fungi were supressed, while the bacterial flora was modified; the actino- 
mycetes were, however, only slightly affected. As shown in the previous 
paper, actinomycetes can develop very rapidly in toluene- treated soils. 


TAPLE 2 

Nitrifying capacity of toluene and CaO treated soils* 


AGE OF TREATED 
SOIL 

: TKEATilENT OF SOIL 

FROM DRIED BLOOD 

NOs — X from 
(XH4]jS04 

4 “ 

CaCOa 

NHs - N 

XOj - N 

days 


tngm. 

rngm. 

m$m. 

5 

Control 

7.8 ' 

18,7 

30.9 

5 

Toluene 

20.6 

2.1 

2.0 

5 

CaO 

16.2 

0.2 

0.5 

15 

Control 

5,4 

23.2 


15 

Toluene 

20.8 

2,3 


15 

CaO 


2.7 



* Incubation of tumblers: 14 days for drictl blood, 30 da}'S for the ammonium sulfate. 


especially those rich in organic matter; this is the reason why the toluene- 
treated soil is less efficient in decomposing dried blood than the control soil 
but more efficient than the CaO treated soil. The bacterial numbers for the 
CaO treated soil were 35 millions in 5 days and 46 millions in 15 days, or 
3-4 times as high as in the control soil; the actinomycetes, however, were 
depressed almost completely and the fungi to some extent. This soil with 
its high bacterial population was least capable of decomposing the dried 
blood. This was due, in addition to the relative inactivity of the fungi and 
actinomycetes, to the reaction of the soil which was pH 8+. A large bacterial 
population, therefore, may not necessarily indicate an active flora. This 
is brought out even with greater emphasis in tables 3 and 4. 

When 0.5 per cent of alfalfa meal is added to the variously treated soils, 
different groups of organisms are stimulated. The fungi develop rapidly in 
the control soil, the bacteria and actinomycetes in the toluene-treated soil, 
and the bacteria in the CaO-treated soil. The results give a very interesting 
demonstration of the relative role of fungi, actinomycetes and bacteria in 
the decomposition of organic matter in the soil, as indicated by the evolution 
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of carbon dioxide. The control soil in which the fungi predominated was 
most efficient, the toluene-treated soil came next and finally the CaO-treated 
soil. The most efficient soil happened to be the one in which the bacterial 
population was least to start with, but which contained a vigorous fungous 


TABLE 3 

Injiumce of djalja meal upon ihe microbiological activities in tolitene and CaO treated soils* 


1 

AGE OF 

treated 

son. 

TREATMENT OF 
SOIL 

COi 

1 

NH,t 

! 

NOi ! 

BACTERIA i 

1 

actikomy- 

CETES 

FUNGI 

reaction 

days 


mgM, 




thousands 

thousands 

PB 

5 

Control 

333.59 

1.01 : 

3.30 

65,200 

16,500 

240 

6.6 

5 

Toluene 

292 .98 

2.95 i 

0.35 ' 

181,000 

50,000 

169 

6.8 

5 

CaO 

' 273.28 

1.01 

3.60 ! 

224,000 

5,500 

1 137 

7.6 

15 

Control 

675.84 


1 





15 

Toluene 

; 614.64 


1 


j 



15 

CaO 

608.00 


1 






* For those soils which were analyzed 5 days after treatment 0.5 gm. of alfalfa meal was 
applied per 100 gm. of soil and incubated for 7 days; for the remainder 1 gm. of alfalfa meal 
was applied per 2IX) gm. of soil and incubated for 9 days. 

I The amounts of ammonia and nitrate as well as numbers of microorganisms in the original 
treated soils, from which the samples of soil were taken for this experiment, are given in 
table 1 under the corresponding dates. 


TABLE 4 

Cellulose-decomposing capacity of toluene and CaO treated soils* 


AGE OF TREATED 
SOIL 

TREATMENT OF SOIL 

CELLULOSE 

DECOMPOSED 

BACTERIA 

ACTINOMYCETES 

days 


per cent 


thousands 

5 ! 

1 Control 

38,4 

25,000 

1,200 

5 

1 Toluene ' 

32.4 

30,900 

11.200 

5 

CaO 

17.6 

106,000 

3,000 

15 

Control 

1 59.4 

1 


15 

Toluene 

1 50.8 



15 

CaO 

i 50.4 




* For each 100 gm. of soil 0.5 gm. of cellulose was used. The soils analyzed 5 days after 
treatment were incubated for 19 days; the remainder, 30 days. 


flora. In the control soil the bacteria developed least and the fungi, most. 
In the toluene-treated soils, the bacteria developed to much larger numbers 
than in the control soil, but to a somewhat smaller extent than in the CaO- 
treated soil; fungi, however, developed to a more limited extent than in the 
control, although to a somewhat greater extent than in the CaO-treated soil; 
the actinomycetes developed most abundantly in the toluene- treated soil and 
it is these organisms which are partly responsible for the decomposition of 
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the organic matter in the toluene soil, above that of the CaO- treated soil. 
The natural conclusion from this experiment is that a large bacterial flora, 
when the fungi and actinomycetes are not considered, need not necessarily 
indicate a flora efficient in decomposing organic matter. As to the protozoa, 
they were present in great abundance in the control soil, entirely absent in 
the toluene- treated soil and present in limited numbers (chiefly flagellates) 
in the CaO-treated soil. No correlation whatsoever was found between the 
presence or absence of protozoa and the efficiency of a soil flora in decomposing 
organic matter. 

Table 4 shows the efficiency of the flora in the three soils in decomposing 
cellulose, as indicated by the actual amount of cellulose which disappeared 
in the soil. The results for the soil used 5 days after treatment are more 
important, since the tumblers were incubated only 19 days. The samples 
taken 15 days after treatment, to which cellulose has been added were in- 
cubated for 30 days. The fungi developed at first abundantly in the tum- 
blers containing the control soil, but not in the toluene- and CaO-treated soils. 
However, after a week or so, the soils became heavily reinoculated and all 
showed an equally abundant fungous flora. This accounts for the compara- 
tively large amount of cellulose decomposed in the case of the soils taken 
15 days after treatment, especially in the toluene- and CaO-treated soils. 
The same phenomena are brought to light here as in the case of the CO 2 - 
evolution study. In the control soil, the bacteria developed to a limited 
extent, increasing from 11,700,000 to 25,000,000, the actinomycetes hardly 
developed at all, while the fungi increased in great abundance (to over 200,000 
per gram). It is this soil which decomposed cellulose most efficiently. In 
the toluene-treated soil, the bacteria increased from 5,400,000 to 30,900,000, 
while the actinomycetes increased to 10 times the number of the control 
soil; the fungi were low at first, but, due to the long period of incubation, 
they also finally increased to large numbers. In the CaO-treated soil, the 
bacteria have reached the highest numbers, while the actinomycetes increased 
slowly and the fungi only at the latter part of the incubation period. It is 
not so much the high number of bacteria which is responsible for the decom- 
position of cellulose in the soil as the high number of fungi and actinomycetes. 

It remains to be seen how the various organisms developing in the soil 
can be made to liberate the nitrogen that they have assimilated in their 
bodies. 

Stormer (8), Stoklasa (7) and others have claimed that the stimulating 
action of the disinfectants upon bacterial activities and ammonia accumula- 
tion is due to the destruction of large soil organisms, such as worms, insects, 
nematodes, algae, fungi, protozoa as well as bacteria; these are then decom- 
posed by the surviving bacteria with the result that a rapid bacterial develop- 
ment takes place accompanied by an abundant ammonia formation. As a 
matter of fact, Stormer suggested that, since the total increase in ammonia 
nitrogen in the treated over the untreated soil is not more than 3-4 mgm. 
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of nitrogen per 100 gm. of soil, this quantity can readily be derived from the 
decomposed organisms. Hiltner (4) used a logical process of reasoning in 
demonstrating the destruction of fungi and actinomycetes by volatile anti- 
septics. When straw is added to the soil, the available nitrogen is stored 
away by the microorganisms to the detriment of the higher plants. When 
the soil is treated with CS 2 during or after the addition of straw, the injurious 
influence is not observed. This was explained by the fact that, in the case 
of straw fertilization, the soil nitrogen is stored away chiefly by fungi and 
actinomycetes. The disinfectant, in destroying the fungi and actinomycetes, 
prevents the storing away of the soil nitrogen, which thus becomes available 
for higher plants. These considerations were based merely on theoretical 
considerations. No actual facts have been submitted to demonstrate whether 
they are true or not. According to this theory, the stimulating effect of dis- 
infectants and heat upon bacterial development is due to the destruction of 
protozoa, with the result that their dead cells serve as an available source of 
energy for the bacteria, while according to the protozoan theory the beneficial 
influence of disinfectants is due to the destruction of protozoa which other- 
wise check the development of bacteria. 

The results that we have previously reported have shown that there is no 
correlation (except in one or two instances) between the suppression and later 
development of protozoa and bacterial development. There is, however, a 
certain correlation between the development of bacteria and of filamentous 
fungi in the soil. The authors do not claim that the development of fungi in 
the soil has a depressive action upon the development of bacteria, but merely 
that the numbers of bacteria arc governed by the balance of microorganisms 
in the soil, including the fungi and actinomycetes and perhaps also the proto- 
zoa. If the assumption of Stormer (8), Stoklasa (7) and others could actually 
be demonstrated, namely that the influence of disinfectants in destroying a 
large part of the microbial population of the soil makes their bodies available 
as a source of energy for the bacteria, it would throw a great deal of light upon 
the subject under consideration. Not that it would solve the problem, 
but it would be merely one more link in the chain explaining the very complex 
phenomenon resulting from the partial sterilization of soil. To demonstrate 
the role of disinfectants in the making of dead bodies of soil microorganisms 
readily available sources of energy for bacteria, those microorganisms would 
have to be introduced in sufficient quantities in the soil, so as to allow measura- 
ble increases in bacterial development to take place and yield measurable 
quantities of ammonia. Were these added in the form of fully developed 
cells grown on artificial culture media, a good deal of the material might 
consist of dead autoiized cells rich in proteins and minerals, or nutrients 
adhering from the artificial medium; this would have created purely artificial 
conditions. The problem is to bring about a rapid increase of one or more 
groups of microorganisms in the soil, without modifying the physical and 
otherwise microbiological condition of the soil and especially without de- 
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stroying, injuring or otherwise modifying the activities of protozoa and 
without adding fresh protein material to the soil. The filamentous fungi 
were selected as a group of organisms to be stimulated, for various reasons: 

L We know more about the specific metabolism of these organisms than about many 
other soil microorganisms. 2. They grow rapidly. 3. Methods have been developed 
(9) for at least an ajiproximate determination of their abundance in the soil 4 Our 
previous results have shown us that the abundance of fungi in the soil is appreciably 
affected by treatment of soil with disinfectants. 5. They do not enter into the system 
protozoa-hacteria” as developed by Russell and associates. 6. They can be handled, 
studied, identified in the laboratory and controlled in the soil more readily than worms* 
nematodes, insects, algae and protozoa. ’ 

Studies now being carried on in our laboratory and the data reported pre- 
viously by other investigators on the influence of cellulose upon the activities 
of soil microorganisms as well as on the specific groups of organisms concerned 
in the decomposition of cellulose in the soil, demonstrated that the addition 
of pure cellulose to the soil greatly stimulates the development of fungi and 
that the fungi use up all the available nitrogen compounds in the soil, in the 
presence of sufficient cellulose as a source of energy, and convert it into fungus 
protoplasm. The growth of fungi may be so abundant as a result of addition 
of cellulose to the soil, especially if the soil is rich in nitrates, ammonium salts 
and other available nitrogen compounds, that it is difficult to accurately 
count the numbers of bacteria and actinomycetes by the common plate method 
using synthetic media. This may even be the case with high dilutions. 
As a result of adding cellulose to ordinary soil, the bacteria and especially 
the actinomycetes are also stimulated but to a lesser extent than the fungi. 

This phenomenon has been utilized for increasing the fungus content of 
the soil. The cellulose used was pure, ash-frcc filter paper, cut up into very 
small pieces and well mixed with the soil. Tour 1-kgm. portions of the same 
air-dry soil used in the previous experiments were placed in 4 glazed earthen- 
ware pots and the optimum amount of moisture added (20 per cent). One 
per cent of cellulose was well mixed in with the soil in two of the 
pots before the moisture was added. The pots were covered with glass 
plates and placed in the incubator. No nitrates or nitrogen salts were added, 
since it was known from previous work with the particular soil that nitrates 
will accumulate very rapidly when the soil is kept under optimum moisture 
and temperature conditions. However, since all the nitrate had disappeared 
in the cellulose pots after 8 days’ incubation (see table 5), 500 mgm. of NaNOa 
(82 mgm. N) was added on the twentieth day of incubation to each of the 
four pots so as to allow as complete a transformation of the cellulose into 
fungus mycelium as possible. The addition of a large amount of nitrate to 
the cellulose-free soils, already rich in nitrate led to a partial reduction of the 
nitrate to ammonia; in the cellulose pots, however, no such reduction took 
place. Twenty days after the addition of nitrate, the soils from the four 
pots were transferred to glass stoppered bottles, 2 per cent of toluene was 
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added to each and allowed to act for 72 hours. At the end of that period of 
time, the soils were spread out for the toluene to evaporate and returned to 
the original pots, brought up to moisture, covered and placed in the incubator. 
Determinations of numbers of microorganisms, ammonia and nitrate content 
are shown in table 5. 

Treatment of the soils with toluene brought about first a decrease, then a 
decided increase in the number of bacteria both in the soil to which no cellu- 
lose has previously been added and to the cellulose-treated soils, the increase 

TABLE 5 

lnfiuen<e oj ceUulost upon the grou:th and activities of micro’Crganisms in the soil 

i ■so CF.LLULGSE ADDED TO SOIL I 1 PER CENT OT CFXLULOSE ADDED TO SOIL 
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43 16,4001 22.0 

12.0 

8.30 

17 .9j 26.20:22,200 39 

1 63 

2.30 

8.8 

11.10 

52 25,400: 8.7 

13.5 

9.71 1 

17.2 26.91'64,700 5 

140 

6.84' 

4.5 

11.34 

69 '62,5001 7.0 

17.5 

11.52 ! 

18.2 29.7295,500 16 

162 

9.36 

3.9 

13.26 

98 '46,500^ 6.0 ■ 

il42.0 ' 

12.67 ! 

15.7 28.37 78,500 15 
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7.75 

! 8.8 

16.55 

118 38,000i 7.0 i 

, 33.0 

11.52 

15.81 27.32j77,000 20 

225 

0.95 

15.5 

, 16.45 


* In this table, the term “Soil” means moist soil just as it was removed from the culture 
pots. 

t Treatments consisted of mixing 1 per cent of cellulose with dr>' soil and adding 20 per 
cent of water just before the period of incubation. After 20 days of incubation 82 mgm. of 
nitrate nitrogen was added to the soil in each pot. Twenty days after the addition of the 
nitrate, the soils were treated with toluene which was evaporated three days later. 

being greater in the case of the latter. The fungi were reduced by the use of 
toluene and then increased greatly, more so in the cellulose treated soils. The 
total soluble nitrogen increased only slightly in the soils to which no cellulose 
has been added, while in the cellulose- treated soils there was a steady increase; 
in 78 days after toluene- treatment the soluble nitrogen in the former increased 
from 26.49 to 27.32 mgm. per 100 gm. of soil while, in the cellulose-treated 
soils, it increased from 7.90 to 16.45 mgm. This is due to the gradual de- 
composition of the fungi and other microorganisms which have originally 
stored away the nitrate in the form of microbial proteins using the cellulose 
as a source of energy. 

DISCUSSION 

To be able to understand the change in the growth and activities of the 
different groups of microorganisms in the soil, as a result of partial steriliza- 
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tion, we must clearly understand the differences in the metabolism of these 
groups of microorganisms, especially the nitrogen and carbon (energy) metabo- 
lism; we must also in some cases diffierentiate between the amount of carbon 
used by the organisms for structural and functional purposes and the amount 
of nitrogen needed for 5501 thesis of microbial protoplasm and liberated as 
a waste product in the form of ammonia. In other words, the carbon and 
nitrogen of each representative group of soil organisms should be kept in 
mind when we attempt to understand and interpret the changes in the carbon 


and nitrogen cycles in the soil. 

The three groups of soil microorganisms, which take an active part in the 
transformation of carbon and nitrogen in the soil are the fungi, actinomycetes, 
and bacteria. These are the organisms that develop on the plates and which 
we are thus able to count. There are other microorganisms in the soil which 
undoubtedly take an active part in the carbon and nitrogen cycles, especially 
the protozoa, and possibly the nematodes, rotifers and worms. By consum- 
ing living microorganisms or dead organic matter, the latter bring about 
certain changes in the chemical condition of the carbon and nitrogen in the 
soil. However, our knowledge on the metabolism of these organisms in the 
soil is still insufficient to warrant any generalizations. What we do know leads 
us to think that there is at least no appreciable increase or decrease m the 
total amount of carbon and nitrogen in the soil, as a result of their activities, 
although there may be a change in the physical and chemical condition of 
the soil. The algae may also take a part in increasing the carbon and nitro- 
gen content of the soil, but their contribution to the chemical changes in the 
soil is still not definitely known. Still less do we know about the activities 
of the ultra microscopic and filterable organisms that no doubt exist in the soil. 

It remains, therefore, for us to keep in mind the metabolism of the fungi, 
actinomycetes and bacteria— the three leading groups of microorganisms 
which take an active part in the transformations of carbon and nitrogen in 
the soil. Out of these three groups, the metabolism of the bacteria is t e 
most complex, since it differs with the different representatives of the group. 
Those bacteria that develop on the plate arc heterotrophic forms, so that the 
important nitrifying, sulfur oxidizing and other autotrophic bacteria are lett 
out; conditions are aerobic, so that the obligate anaerobes are left out; most 
of the nitrogen-fixing organisms and probably many cellulose decomposing 
forms as weU as others do not appear. But even the heterotrophic forms 
developing on the plate can be readily divided into two distinct groups- the 
spore forming and the non-spore forming types. The former grow rapi y, 
are usually strongly proteolytic, decompose readily starches and other car 0 - 
hvdrates. The non-spore forming bacteria grow slowly, either liquefy ge a- 
tin or do not liquefy it at all, and do not attack starches and other carbohy- 
drates readily. Of the colonies developing on the plate, outside of the fu g , 
the actinomycetes occupy 15 to 35 per cent, the spore-formmg ac eria 
per cent and the non-spore forming bacteria 55-70 per cent. er 
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dence to believe [Conn (1, 2)] that of the two groups of bacteria, the non- 
spore forming group is not only the most predominant but the most active 
in the soil. Of special interest is the energy metabolism of these organisms; 
they seem to use proteins much more readily than carbohydrates (?), thus liber- 
ating comparatively large quantities of ammonia. It is, therefore, quite 
natural that the great majority of media recommended for the cultivation of 
bacteria should contain a protein in one form or another, while in the case of 
fungi and actinomycetes, a carbohydrate is usually offered as a source of 
energy. The following paragraphs deal with the carbon and nitrogen 
metabolism of the organisms developing on the plate. 

Fungi 

Fungi prefer carbohydrates as sources of energy although they can also use 
proteins; of the carbohydrates, many can utilize celluloses, hemicelluloscs 
and starches, others only the derivatives of those products. Nitrogen can 
be obtained from nitrates, ammonium salts, amino acids and proteins. They 
grow rapidly and may use up to 50 per cent of the carbon assimilated for the 
synthesis of their protoplasm. Although the nitrogen content of fungus 
mycelium varies within 3.5 to 7.0 per cent, large quantities of nitrogen will 
be transformed into fungus protein due to the abundant assimilation of 
carbon. When an organic substance containing a small amount of nitrogen 
(less than 1.5 per cent) is acted upon by fungi, the organisms may decompose 
it very rapidly, liberating large amounts of CO 2 , but, in view of the large 
amount of carbon assimilated, an additional source of nitrogen will be required; 
this additional need for nitrogen increases with a decrease in the nitrogen 
content of the energy bearing material. 

Partial sterilization of soil practically eliminates certain groups of fungi 
from the soil and greatly reduces the number of all fungi. It requires some 
time, depending upon treatment and content of organic matter in the soil, 
before the fungi become reestablished. Their rapid multiplication then 
depends upon the amount of energy available. If that is at all extensive, the 
fungi multiply rapidly, especially when reinoculated. Their rapid develop- 
ment will result in two phenomena: (a) a competition with the heterotrophic 
bacteria for the available energy, which will lead to a diminution of the latter 
and (b) a slop to a further increase of the soluble nitrogen in the soil. This 
action of fungi upon bacterial multiplication and activities is indicated by a 
number of statements in the literature, of which we need only cite that of 
Scherpe (6), 

Scherpe (6) found in 1909 that the treatment of soil with CS 2 decidedly 
stimulated the development of fungi, which influences the nitrogen transfor- 
mation in the soil by fixing in the mycelium the easily assimilable nitrogen 
compounds in the soil or the ammonia liberated by the bacteria. Scherpe, 
therefore, suggested that fungi may play an active part in the group of phe- 
nomena resulting from treatment of soil with CSa. It is important to note that 
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some fungi actually secrete substances toxic to the development of bacteria, 
as shown by Nadson and Zolkiewicz (5) for Spicaria and as observed repeatedly 
by the authors in the case of certain species of Rhizopus, whose development 
on the plate is sufficient to repress almost completely the development of 
the bacteria. 

Actinomycetes 

Actinomycetes are not any more appreciably affected by partial steriliza- 
tion than the bacteria developing on the plate. In other words the ratio of 
actinomycetes to the total number of bacteria developing on the plate may 
remain the same, may slightly diminish or may even increase, as a result of 
partial sterilization. While the fungi are practically eliminated, the actino- 
mycetes are diminished only slightly in numbers. However, their multi- 
plication is very slow and when the bacteria begin to multiply rapidly as a 
result of partial sterilization, the numbers of actinomycetes may remain 
stationary, while their ratio rapidly diminishes, in proportion to the increase 
in bacterial numbers. When available energy like cellulose is added, 
the actinomycetes begin to multiply rapidly. They can use as sources of 
energy celluloses and other carbohydrates as well as proteins. Ammonium 
salts, nitrates, amino acids and proteins can be used as nitrogen sources. In 
their carbon-nitrogen metabolism they stand between the aerobic bacteria 
and the fungi, having a higher nitrogen content than fungi and making a 
much less abundant growth. Their activities would tend to bring about an 
increase in the available nitrogen in the soil rather than a decrease, unless an 
excess of energy material, free from nitrogen, is available. These organisms 
will therefore consume a smaller amount of nitrogen with the same amount of 
cellulose decomposed; they will liberate a greater amount of ammonia from 
proteins than fungi, for the same amount of protein decomposed. 

The development of actinomycetes probably does not act as a direct re- 
pressive agent of bacteria even though the ratio of actinomycetes increases 
when the bacteria begin to diminish. The latter may possibly be due not so 
much to a direct increase of numbers of actinomycetes, but to a relatively 
greater decrease of bacteria. 

Treatment of certain soils with toluene or CS 2 may make them more favor- 
able media for the development of actinomycetes, as shown in the previous 

papers (11, 12). ... i. n 

Certain actinomycetes produce substances toxic to bacteria, as siiowm y 
Greig-Smith (3) and as often observed in our own w'ork, wffien around an 
actinomyces colony upon a plate, a zone is found free from fungus and bac 
terial growth. 

Spore-bccrin^ aerobic bacteria 

These organisms decompose chiefly soil proteins, starches and simpler 
carbohydrates. One or two species of the anaerobic forms can also ecom 
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pose celluloses. These organisms make a more limited amount of growth 
than the fungi and actinomycetes, but their bodies are richer in nitrogen, 
containing 6 to 12 per cent (usually 10 per cent) of this clement. In other 
words, the nitrogen content of bacteria is twice as high as that of fungi. They 
are also less economical in their utilization of carbon than fungi. 

Non-spore hearing bacteria 

These organisms readily utilize proteins and other carbon-nitrogen com- 
pounds as sources of energy. Some can also decompose celluloses and other 
carbohydrates. A great many of these organisms (developing on the common 
plate) thrive, however, with celluloses, starches and other carbohydrates as 
sources of energy to a lesser extent than the spore-bearing bacteria and much 
less so than the fungi and actinomycetes. Their nitrogen content is about 
10 per cent, while they utilize carbon even less economically than the spore- 
bearing bacteria. It is this group which contains the majority of organisms 
developing on the plate and it is this group which is favorably affected by 
partial sterilization of soil. 

When soil is treated with heat and antiseptics, the organic matter is modi- 
fied and made more readily available. The fungi are destroyed. The nema- 
todes, protozoa, insects, worms are also destroyed and leave an abundant 
supply of relatively available material. The non-spore bearing bacteria are 
the first to become active and to multiply rapidly. Masses of these 
organisms are easily broken down in preparing the soil dilution and show^ up 
readily on the plate. They decompose proteins and other nitrogenous sub- 
stances readily as a source of carbon. Only a small amount of the carbon 
is assimilated and converted into microbial proteins, and ipse facto only a 
small amount of the nitrogen is assimilated. Most of the carbon is liberated 
as CO 2 and the nitrogen as ammonia; in the absence of nitrifying bacteria, 
the latter is left in the soil as such. When the partially sterilized soil is 
reinoculated with fresh soil, various other organisms, and particularly the 
fungi are reintroduced. These organisms find the treated soil a favorable 
medium for their development. 

Our knowledge of the kinds and activities of soil microorganisms is still 
insufficient; we know very little about the various antagonistic and associative 
influences between the various groups of soil microorganisms, especially be- 
tween the bacteria on the one hand and actinomycetes, fungi and protozoa 
of the other. It is not a question of one group of organisms destroying another 
group, although this may take place under exceptional circumstances, but it is 
chiefly a question of competition for available nutrients especially energy, 
or of one group developing more readily in the absence of the other groups. 
Under normal conditions very little readily available nutrients, especially 
energ)’ sources, arc present in the soil at any one time. The introduction 
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of available energy combined with nitrogen and minerals, as in the case of 
alfalfa hay, brings about a stimulus to microbial activities similar to partial 
sterilization. Some microorganisms liberate available nitrogen compounds 
in the soil, others transform them into microbial protein, in the presence of 
available energy; a certain balance or equilibrium is established between 
these phenomena in ordinary soils. Partial sterilization changes this equi- 
librium. 

The effect of partial sterilization of soil is a resultant of the sum total of 
the changes in the physical and chemical condition of the soil on the one hand 
and of the modification of the biological flora on the other. Treatment with 
antiseptics, heat, calcium oxide, air drying etc. affect the first and modify 
the second and the resultant phenomenon is an increase in the number of 
bacteria and ammonia content of the soil. 

SUMMARY 

1. Partial sterilization of soil brings about a chemical change in the organic 
matter of the soil, making it more available as a source of energy for micro- 
organisms. This is indicated by (a) the ammonia formation (even if only a 
small amount) in the process of sterilizing the soil by heat or disinfectants ; (b) 
by the fact that the curve of C02-evolution in partially sterilized soil is similar 
to that obtained when a small amount of undecomposed organic matter is 
added to unsterilized soil; (c) by the fact that soils rich in organic matter 
allow a greater accumulation of ammonia and nitrates, as a result of partial 
sterilization, than soils poor in organic matter, independent of the flora and 
fauna; (d) partially sterilized soil with a much greater bacterial flora is no 
more efl&cient in decomposing nitrogenous and non-nitrogenous organic sub- 
stances added to it. 

2. A large proportion of the soil fungi are killed as a result of partial sterili- 
zation. This dead material with the bodies of destroyed protozoa and other 
soil microorganisms still further increases the amount of energy made avail- 
able in the soil. 

3. The rapid increase in the numbers of microorganisms in the soil is at the 
expense of the organic matter made available. This is further confirmed by 
the fact that the course of development of fungi results in a cur\^e somewhat 
similar to that given by the bacteria, although the rise in the curve may take 
place at a later date. The numbers of fungi, however, may not indicate the 
period of maximum activity which may have been passed already. Large 
numbers of fungi, shown by the plate method, may be due to abundance of 
spores. Where acti^'e growth of fungi takes place, due to available nutrients, 
spore formation may be greatly delayed. The vegetative mycelium, however 
extensive, may show much smaller numbers than when spore formation occurs. 

4. The carbon and nitrogen arc present in the soil in a certain proportion, 
depending upon the physical and chemical condition of the soil; when the 
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carbon compounds arc decomposed as sources of energy by the bacteria and 
actinomycetes some of the nitrogen is left as a waste product. The carbon- 
nitrogen content of the soil and of the bodies of the bacteria, actinomycetes 
and fungi combined with the economic utilization of the carbon by these three 
groups of organisms, explain why the development of the first two groups of 
organisms will bring about the liberation of nitrogen from the soil organic 
matter to a greater extent than the development of the fungi. 

5. The actual amount of ammonia formed in partially sterilized soil is 
determined not by the numbers of bacteria and fungi developing in the soil 
but by the abundance of organic matter. The course of development of 
numbers of bacteria in the soil seems to be influenced by the course of 
development of the fungi. The course of development of actinomycetes 
depends upon the method used in bringing about the partial sterilization of 
the soil as well as by the organic matter content of the soil. 

6. The protozoa are suppressed in partially sterilized soil, but become ac- 
tive again long before the bacterial numbers drop down very markedly. 

7. The more rapid the rise in bacterial numbers and the greater the maxi- 
mum, the sooner will the fall set in. This is exactly true of the numbers of 
fungi. These phenomena are results of the amount of available plant food in 
the soil. 

8. The phenomena observ'ed as a result of partial sterilization of soil, namely 
the rise of bacterial numbers and ammonia accumulation are explained by 

(a) the change in the physical condition of the soil, especially the soil colloids; 

(b) the change in chemical condition, especially modification of soil organic 
matter, making it more readily available ; (c) the destruction of a large num- 
ber of soil microorganisms, especially the fungi and protozoa, making their 
bodies available as sources of energy for the surviving microorganisms; (d) 
the change in balance of the microbiological flora of the soil (all of these favor 
greatly the development of the bacteria) ; and (e) the fact that bacteria use 
organic nitrogenous substances (as well as other carbon compounds) very 
uneconomically as sources of energy and liberate a great deal of ammonia 
as well as phosphates and other minerals stored away in the soil organic 
matter as waste products. 

9. These results apply to normal soils. It is possible that under certain 
conditions other phenomena become controlling factors. We need only 
mention soils infested with fungi causing plant diseases or sewage farming 
and greenhouse soils, where protozoa may become controlling factors. 
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CULTURE experiments 
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It is frequently necessary to provide some means for supporting plants 
that are to be grown for some time in either pot or water culture experiments. 
It is desirable that such supports be light, substantial, easily attached and 
interfere as little as possible in handling the pots. For our own convenience 
two methods have been devised. Plate 1 shows each of the two methods 
described. The sticks on the jar on the left are inserted into metal sockets 
each made from a piece of galvanized sheet iron two inches square. These 
are made by hand as indicated in figure 1. 

The middle jar in plate 1 shows plants during their growth in water cul- 
tures; the pot on the right shows the perforated earthenware cover which 
holds the plants and the wood supports. The cover fits over the mouth of 
the one-gallon earthenware jar and the plants are held at the proper place in 
the cover by means of plugs of cotton. The roots are submerged in the nu- 
trient solution contained in the jar. This arrangement makes it easy to 
lift off the cover carrying the plants when changing the culture solution. 
Three of the four holes for the wood supports are shown in the outer edge of 
the cover. The holes within the rim are about J inch in diameter. 

The earthenware covers were made for us by the Maurice A. Knight Com- 
pany and have proved to be very satisfactoiy^ for growing plants in water 
cultures. Similar covers made of ww)d and water-proofed with paraffin 
proved to be unsatisfactory because of their lightness, warping, cracking and 
affording a foot- hold for the growth of molds. The earthenware cover elim- 
inates these troubles. 
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Fig. 1. Method of Making Metal Sockets for Props 


At A the meta[ square has been cut along the dotted lines, and at B the square has been 
bent into the form of a cylinder. This is done by bending one edge over the other and 
hammering over an iron rod about | inch in diameter until a cylinder is formed. At C the 
small tongues have been bent over a no. 4 nail with a pair of pliers. Four of the sockets 
are then strung on two pieces of baling wire at equal distances apart on the wires and attached 
to the top of the jar by twisting the ends of the same piece of wire together around the jar 
until tight. Rods of wood are placed in the metal sockets and twine stretched from one 
support to another at the proper height, as may be needed during the growth of the plants to 
keep them in an upright position. 
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The study of soil physics, very popular some years ago, seems to be reviving. 
Chemical and bacteriological studies of soils have not given entirely satis- 
factory explanations of the various factors which affect soil fertility. The 
advance of physical chemistry has added many new methods and implements 
to be used in this work and is giving a greater insight into the phenomena 
that must be investigated. 

The author wishes to present a prehminary description of an apparatus 
devised for obtaining a better conception of the physical constitutents of the 
soil. It has always been recognized that the proportions of the soil particles 
of various sizes were the controlling factors in delermining soil characteristics 
and various means of making mechanical analyses have been devised for 
determining these proportions. 

For some time these methods have been recognized as inadequate in that 
they do not give a sufilciently detailed picture of the soils. The separation, 
which is necessaiyq into fractions of arbitrarily fixed diameters is not satis- 
factory because the soil is made up of particles vaiying in size continuously 
and not by steps. The picture presented by such an analysis is not correct. 

Recently Sven Oden (1) has described an apparatus which much more 
nearly indicates the actual mechanical composition of the soil. By suspend- 
ing the soil particles in water and allowing them to settle upon the pan of a 
balance, recording automatically the time required for a definite weight^of 
particles to settle, he obtains by mathematical calculations a distribution 
curve. 

The apparatus here described is patterned somewhat after Oden s balance. 
It goes farther than his, however, in that it draws the distribution cun^e it- 
self, thereby eliminating the complicated calculations necessary with Oden’s 
balance. The illustration shows the balance diagramatically. The instru- 
ment as now made has not as yet been corrected or even calibrated. It is 
not the intention of the author that it should be constructed as delicately as 
Oden’s apparatus since it does not seem proliable that very minor diSerences 
in texture are of significance in soils. The Apparatus has been tested oiAy 
experimentally as yet. It has been found that some features should be 
changed. It seems particularly necessary that the recording drum revoke 
much faster. The balance may need to be made somewhat more sensitive 
in order than smaller quantities of soil may be used. 
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The principal feature of the apparatus is the recording arrangement. If 
the balance beam recorded its movements by marking upon the moving chart, 
the necessary friction would reduce its sensitivity. This was avoided by mak- 
ing the record electrically. A momentary contact at regular intervals causes 
a spark to jump from the point at the end of the beam to the revolving cylin- 
der, passing through the record chart and burning a small hole. Since the 
electrical connection is made at the base of the balance column and the cur- 



Fig. 1. Curves Showlvg Actual Points Fig. 2, Curvt; 3 or Three Soils Not 
AS Located by Balance Deflocculated 


I. Deflocculated I- Webster silty clay loam 

IL Not deflocculated II. Carrington loam 

III, Lintoniasilt loam 



Revolving Twelve Times as Fast 

I. Webster silty clay loam 

II. Carrington loam I- Webster silty day loam 

III. Lintonla silt loam II- Carrington loam 

rent carried up that through the torsion spring to the beam, all friction due 
to recording is eUminated from the beam. 

The wiring diagram explains the electrical system of the recording mechan- 
ism. In order to obtain momentary electrical contacts for the sparks at 
regular intervals a mechanism of which a description has been published (2) 
was utilized. Switch A in the diagram was insUlled to give contacts other 
than the automatic ones whenever wanted. During the first five minutes 
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of the determination, the coarser particles settle so rapidly that more frequent 
contacts are necessary in order to secure the first part of the curve. 

Figures show curves obtained by the apparatus. These do not repre- 
sent the entire soil, but only that portion consisting of very fine sand silt and 
clay from which the coarser particles have been sifted out. Seven-gram sam- 


<rowni 




I'lo. 5. Automatic Recording Balanxe Aricanged tor Mabung Mechanical 
Analyses of Soils 


pies of the fine material were used. Since the balance pan was onl} two 
one-half inches in diameter while the cylinder was three and one-fourth inches 
in diameter, only a little over four grams of soil would fall on the pan. ^ 
Figure 1 shows the points actually recorded by the apparatus. The points 
are not exactly on the line because of the fact that the spark does not always 
jump from the point perpendicularly to the cylinder, Houe\er t e pom 





366 


HARLAN W, JOHNSON 


are sufficiently numerous to allow the drawing of curves as in this figure. 
Figures 2 and 3 give curves for three soils. In figure 2 the soils were shaken 
in distilled water for six hours and in figure 3, a few drops of ammonium 
hydrate were added to the distilled water and soil and solution shaken for 
six hours. The time of shaking was chosen arbitrarily because these were just 
trial runs. The recording drum made one revolution in twelve hours. In 
figure 4 the curves for two of the soils shown in figure 3 were reproduced by 
dividers so as to represent the recording cylinder as revolving twelve times 
as fast. In figures 2 and 3 all three soils appear similar but in figure 4 the 
differences' are quite marked, because the chart is represented as having re- 
volved twelve times as far during the intervals between sparks. If the re- 
cording cylinder made a revolution once an hour it is evident that the soil 
differences would be clearly shown. 

In order to make a complete mechanical analysis a sulfur photometer 
could be used to determine the turbidity of the suspension after two hours 
settling. The clay content could be estimated by calibrating the photometer 
to indicate the amounts. A photometer has been used in some turbidity 
determinations here with good results. 

This article is presented merely as a preliminary report that may lead others 
to further work along this line. It is hoped that the apparatus herein 
described may be perfected soon so as to l)e a very practical aid in soil 
investigations. 
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Several years ago, one of the writers (13) described certain experiments on 
the growth of barley plants in sand and solution cultures, and a number of 
general questions were raised pertaining to the interpretation of results ob- 
tained by the use of these methods. The experiments have been continued 
and it is now possible to extend the previous discussion. This appears to 
be the more desirable because of the wide application which is now being made 
of sand and solution cultures by plant physiologists and by investigators in 
agricultural experiment stations. It seems appropriate at the present time 
to inquire further into the possibilities and limitations of these methods. 
What factors are left uncontrolled in such experiments? What are the points 
of similarity or dissimilarity between solution, sand, and soil cultures? These 
and questions of lihe nature must be of interest to all who are concerned with 
the interrelations of plants and essential inorganic dements. It is our purpose 
in the present paper to invite a critical consideration of these questions and to 
offer some experimental data which seem to have a direct bearing on them. 


Recently Davis (9) published an account of a comprehensive series of experiments car- 
ried on in this laboratory u'ith wheat plants for the purpose of determinmg the influence of 
variability on the interpretation of data obtained from solution cultures. ^ While the impor- 
tance of the variability factor has long been recognised by biologists, its significance to 
planriculture c.xperimentation had been quite generally overlooked. The work of Davrs 
makes it certain that small differences in dry weights of plants grown in solutions of shghUy 
varying composition may have no meaning when the data are interpreted uuth regard to the 
probable error. In fact, at certain seasons of the year, Davis has found more recently 
(data not yet published) that the “best" and ‘ ‘poorest'’ solutions of the Shive series produced 
the same yields of a'heat plants. These findings obviously point to the necessUy or dis- 
regarding any differences of small magnitude in ordinary espemtentaUon with a limited 
number of plants. 


EFFECT OF DIFFERENT VOLUMES OF CULTURE SOLUTION ON PL.VNX GROWTH 

In the previous article the writer emphasized (not, of course, for the first 
time) another factor which seems to have an imporUtnt bearing on the inter- 
pretation of solution culture data. This is the change which place m 
the composition and concentration of a culture solution as a resu o 
absorption of ions by the plants. Under some circumstances, such chang = 

.567 
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may be extremely rapid. Naturally the rate of change will depend upon the 
volume of solution provided for each plant, upon the concentration ol the 
solution and upon the size and rate of growth of the plant. It should, there- 
fore, he possible to obtain different results with the same solution simply 
by varying the size of the containers and the number of plants grown in each 
container. 

An experiment was carried out to illustrate this point. Barley plants 
were grown for six weeks under the following conditions: 

1. Regular culture solution, one plant in two liters, solution changed twice each week. 

2. Dilute culture solution, one plant in two liters, solution changed three times each 

week. 

3. Dilute culture solution, six plants in one liter, solution changed twice each week. 

This simple experiment showed very clearly (table 1) that the same dilute 
solution may produce plants of very different sizes, depending upon the size 
of the containers and the number of plants grown in each container. By 
analyses of the residual solutions, it was shown that with treatment 1 the 
concentrations of the various ions were maintained at an approximately 
constant value throughout the growth cycle, whereas with treatment 3, plants 
several weeks old removed practically all of the potassium, nitrate, and phos- 
phate before the end of three days. It was quite evident, therefore, that the 
actual cultural conditions were ver}^ different in these two cases, even though 
the same solution ^Yas used. 

Not only was the yield of total dr^^ matter altered, but also the composi- 
tion of the plants as shown in tabic 1. The plants having at their disposal 
the larger volumes of solution contained a higher percentage of most of the 
elements of the culture solution. 

The total concentration of the dilute solution was quite lowq but similar 
considerations w'ould apply to solutions of higher total concentration if the 
partial concentration of some rapidly absorbed ion were low, which condi- 
tion would obtain in certain solutions of a series varying progressively in 
composition. The relative effects of different volumes of solution will depend 
upon the stage of growth of the plant and upon climatic conditions. A 
volume of solution which would be adequate for the growth of a plant in 
winter might become entirely inadequate in summer. 

While it may be thought that these contentions require no argument, it is 
a fact that in many exiierimenls which have been reported in recent years, 
insufficient attention has been paid to the rate of absorption of essential ions and 
to the total supply of these provided for each plant. Very recently, Trelcase 
and Livingston (22) described an apparatus for growing plants in a continu- 
ously flowing solution, so that the roots may be l)athed at all times in a solu- 
tion of constant composition. Further comments on tins procedure in rela- 
tion to the soil solution wall be made later. 
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One other suggestion may be advanced on the basis of the data given in 
table 1. The solution of low concentration evidently was not quite so favor- 
able to growth as the regular culture solution, even when the total volumes of 
solution provided were sufficient to maintain a practically constant composi- 
tion. In other words, the concentration of certain ions may become so low 
that the plant cannot absorb them at a rate sufficiently rapid to permit 
maximum growth. Here also the climatic conditions must be taken into con- 
sideration. It should be noted, however, that very good growth may be 
obtained even with a solution of a total concentration as low as 200 parts per 
million. The relation of the concentration of phosphate to plant growth is 
especially interesting and several experiments bearing on this point will be 
presented later in this article. 

AVAILABILITY OF IRON AND PLANT GROWTH 

In addition to variability and the absorption of ions by the plant, the ques- 
tion of an adequate supply of iron in solution cultures has been neglected in 
many investigations. Gile and Carrero (11) early called attention to the 
importance of maintaining a suitable concentration of iron in the culture 
solution, and the subsequent work of one of the writers emphasized this 
point. It is now generally recognized (21) that the assumption that colloidal 
iron phosphate would supply to the plant a sufficient quantity of this essential 
element is by no means justified for all types of solutions. Under many 
conditions it is necessary to use other forms of iron, such as iron citrate or 
tartrate. 

COMPARISON OF THE GROWTH OF PLANTS IN SOLUTION CULTURES AND 
IN SOILS 

We can readily admit that the relation of plant growth to the composition 
of the culture solution constitutes a problem which justifies itself without 
reference to the soil. On the other hand, the investigator in this field natur- 
ally possesses an interest in the growth of plants in solid media, the normal 
condition for most plants of agricultural interest. Moreover, many solution 
culture investigations are undertaken by agricultural ex[)eriment stations with 
the avowed purpose of elucidating the nature of soil and plant interrelations. 

During the past ten years, various members of the staff of this laboratory 
have been engaged on a study of a group of soils kept under controlled condi- 
tions, with particular reference to the composition of the soil solution as 
affected by season or by crop growth. We have, therefore, had a rather 
unique opportunity for making certain comparisons between soil conditions 
and solution culture conditions. 

In our first series of experiments along this line, we grew barley plants m 
solution cultures adjacent to tanks of different soils which were under investi- 
gation. Three <liffercnl solutions in 4-Uler bottles were used, Only one 
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plant was placed in each bottle and no changes of solution were made. Small 
amounts of iron tartrate were added about once each week. The bottles 
were buried up to their necks in soil in order to maintain an even temperature 
around the roots. In addition to these cultures, another set was arranged, 
using I'liter bottles (1 plant to each bottle) and changing solutions each week 
throughout the season. At several periods, small aliquots were removed from 
the bottles of each of the three first sets and the composite samples so obtained 
were analyzed. Observations on height, number of tillers, and stage of de> 
velopment of the plants grown in the artificial culture solutions and in the 
soil were made at frequent intervals and compared. After harvesting, the 
plants were separated into grain, stems and leaves, and roots. 

Tables 2 and 3 show that after nine weeks, only very small concentrations 
of nitrate remained, especially in solutions B and C, which had lower initial 
concentrations of this ion. Potassium and phosphate were greatly diminished 
in concentration, while the diminution in the concentration of calcium, 
magnesium and sulfate was far smaller. In solution C, which was one-third 
as concentrated as solution A, the nitrate was reduced to a low level by the 
sixth week of growth. All the solutions were distinctly acid at the beginning 
but by the time that the plants had grown for six weeks the reactions had 
all changed to pH 6.8. This reaction was maintained during the remainder 
of the season. 

Table 4 shows that the highest yield was obtained from the cultures in 
which the solutions were changed throughout the season. The yield of 
plants grown in the solution of low concentration was much smaller than in 
the other cases. For purposes of comparison, there is included in the table 
data on plants grown in a fine sandy loam soil, producing at the rate of 64 
bushels of grain per acre. As already stated, the soil and solution cultures 
were located adjacent to each other and the plants started to germinate at 
the same date. 

It is apparent that solutions A and B produced much larger plants than 
those produced by a fertile soil. One reason for this may be inferred from a 
study of Tables 2 and 3. At the end of six weeks, there remained in the arti- 
ficial culture solutions a considerably greater concentration of nitrate than 
in the soil solution. During the first five weeks, the growth of the plants in 
the soil cultures and in the solution cultures was almost parallel, but begin- 
ning with the sixth week the plants in the solution cultures began to put 
out many more tillers than the plants in the soil and at the end of the growth 
period, the former plants had several times as many tillers as the latter. In 
the case of the dilute solution C, the growth of the plants during the first few 
weeks was practically equal to that in the other solutions, but the supply o 
nitrate was exhausted early and, although the plants started to^ produce 
a great many tillers, the concentration of nitrate was not maintained long 
enough to permit of the normal development of these tillers. 
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TABLE 3 

^ange of concentration of NOt in soil solution during growth of barley crop* 


PERIOO 

COXCEjmLATtON 0? NO| 

At planting date 

milli-cquivaltiUs 

3.7 

7.4 

6.1 

1.6 

0 

0 

0 

0 

After 2 weeks 

After 4 weeks 

After 6 weeks 

After 8 weeks 

After 10 weeks 

After 12 weeks 

After 14 weeks 



* These data were obtained on a tank of fine sandy loam soil (No. 11), located adjacent 
to the solution culture experiments. 


TABLE 4 


Description of barky plants grown in solution and soil cultures 


CUtTCaES 

o 

aver.vge height of 
PLANTS 
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cm. 




i gnt- 

Sm. 

gMl. 

Lftt/ 

Solution A 

19 

100±1.8f21±0.62,24dbl.5 

25±0,77 36±1.7 

22 

j0.043 

3? 

Solution 

20 

106±1.6 

15±0.4S 

20±1.1 

17±0.51 2S±0.80; 16 

Jo. 047 

33 

Solution C 

16 

73±1.6 40±0.29 

7=h0,42 

14±0.41 14±0.3I 

5 

0,038 

24 

Solution A (fre- 





l 

1 


i 


quent changes); 15 

! 95±2.6 

32=b0.99;55±l .6 ;41il.3 ;54 

48 

,0.041 

44 

Soil* 

[ 35t 

I04=hl.5 

; 7±0.36 12±0.7C 

8±0,3410±0.47j 10 

;0.a49 

45 


* The crop grown on this soil (No. 11), yielded at the rate of 64 bushels of grain per acre. 

t Area of soil allowed for growth of each plant 36 sq. in. 

I Probable error of the mean. 

§ On air-dry basis. 

Details of experiment 

Solutions, A, P and C remained unchanged during the entire season, but 4-Iiter bottles 
were used and only one plant was placed in each bottle. These bottles were buried in the 
ground up to their necks. 

For solution A (changed frequently), l-liter bottles with one plant in each bottle were 
used. In this case, the solutions were changed at approximately weekly intervals throughout 
the season. 

Period of growth, May 13 to October 1. 

Solution A liad an entirely diflerent composition from solution B. In solu- 
tion .1 the equivalent weight of calcium was more than twice that of magne- 
sium, while in solution B more magnesium was present than calcium. Solu- 
tion /I, it is true, produced a slightly greater yield of dry matter than 
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solution By but if this difference is significant it can be attributed to the differ- 
en<» in the concentration of nitrate in the two solutions. There is no reason 
to believe that the different ratios between the various ions had any effect on 
growth. In the experiments of Davis already mentioned, it was found that 
solutions of widely different composition produced equal weights of wheat 
plants within the experimental error. 

The plants grown in the changed solutions were of exceptional size. They 
continued to put out new tillers for a much longer period than the other 
plants. The increased growth was not merely vegetative, however, since the 
total grain produced by each plant was also much greater. In fact the propor- 
tion of grain to total dry matter exceeded that for the other plants. The 
ripening processes were, however, much delayed. 

Some striking differences in composition are recorded in table 4. The 
plants grown in the frequently changed solution had an entirely different 
composition from that of the plants grown in a similar solution unchanged. 
In the changed solution the percentage of nitrogen and potassium in the 
straw was much higher. In the grain, the percentages of calcium, magnesium 
and potassium were all very much the same but the nitrogen content of the 
grain from the plants grown in the frequently changed solution was much 
higher than that from the plants grown in the unchanged solution. The 
percentage of phosphorus was also significantly increased. The difference 
in the composition of solutions A and B was reflected in the composition of 
the straw and of the roots. This difference was especially noticeable for the 
percentage of calcium in the straw. There was an entirely different ratio of 
calcium to magnesium in the two cases, but as we have indicated already, 
this fact probably has no significance in so far as the total yield of crop is 
concerned. 

COiCPARISONS OF THP: GROWTH OF PLANTS IN SAND AND SOLUTION CULIURKS 

A very important consideration should be kept in mind in planning experi- 
ments with sand cultures. If these are to be compared with solution cultures, 
the same volume of solution should be provided for each plant in both cases. 
This obviously means that much larger containers must be provided for the 
sand cultures than for the solution cultures. For example, if one liter of 
solution is provided for a given number of plants in a solution culture, then 
there would be required for a comparable sand culture (at 12.5 per cent 
moisture content) eight kilograms of moist sand. Unfortunately in almost 
all of the sand culture experiments heretofore reported, this precaution has 
been neglected and the amounts of sand used have been so small that the total 
amounts of culture solution available to the plants have been very restricted. 
Under these circumstances, it may well have happened that the growtli of 
the plants was limited by an inadequate supply of one or more essential ele- 
ments. There is considerable inconvenience attendant upon the use of 
large jars and large quantities of sand, but it is essential, nevertheless, to 



SAND, SOLUTION, AND SOIL CULTURES 


375 


give heed to the volumes of culture solution provided. Disregard of this matter 
may also lead to erroneous ideas concerning the effect of different hydrogen- 
ion concentrations on plant growth, since the initial reaction of the solution 
may be changed with extreme rapidity. 

Barley was grown in both sand and solution cultures. One liter of solution 
was provided for each plant and six changes of solution were made during 
the experiment. The plants were twelve weeks old when harvested. The 
method of McCall (17) was used in making the changes on the sand cultures. 
The seeds were planted in the sand cultures at the same time that the seeds 
for the solution cultures were placed in the germinating pan, both at the same 
temperature. If seeds already germinated are afterward transplanted to 
sand, the roots are likely to be injured and a temporary inhibition of growth 
may take place. 

TABLE 5 


Composition of barley plants {at maturity) grown in dijferent solutions 


CULTOHES 

K 

Ca 

Mg 

N 

P 

Straw 

Grain 

1 ' 

Straw 

Grain 

o 1 
[ ^ 

, 1 

1 ^ , 

1 

o 

Roots 

Straw 

Grain 

1 Roots 


■S 

o 

o 

0 

(A 

Solution A i 

Solution B 

Solution C 

Solution A*.. . . 
Soilt 

per cent 

l.I90.50|0,57 

1.78U.S0:i.05 

0,750.480.95 

2.72,0.520.59 

1.80'o.51 

per cent 

1.050, 10|0. 56 
0.580.060.33 
U.960.07p.32 
1.170. 08 8. 4C 
0.54U.05 

per cent 

p.29p.l5p.l2 

0.320.160.20 

0,260.170.15 

10.330.160.3^ 

0.210.13 

perceiU percent 

p. 41! 1,290. 690. 140. 39;o. 26 
0. 36^1.260.650. 15p.45p. 24 
;0.45jl,36!o.49p.l5p.50p.21 
l!o.922.14]l.39p. 150.542.63 
io.341.41 p.08p.44j 


* Changed frequently. 

t Fine sandy loam soil yielding at rate of 104 bushels of grain per acre. (Not the same 
soil as that referred to in table 3). Area of soil allowed for growth of each plant 18 sq. in. 


Although the number of plants employed in this experiment were too few 
in number, the differences in the composition of the plants grown under the 
two different conditions are significant (table 6). Except for phosphorus m 
the stems and leaves, larger percentages of all the elements were found m 
the plants grown in the solution cultures. A larger dry weight of plants was 
obtained, however, from the sand cultures. ^ 

In another experiment (table 7), the plants were grown to maturity. Each 
plant was provided with 1500 cc. of solution and no changes of solution were 
made. Here again the percentages of inorganic elements were higher in t e 
plants grown in the solution cultures. .^30, the yield from the sand cultures 
was greater than that from the solution cultures, especiaUy the yield of gram. 
The percentage of grain and the average weight of kernels were greater in 
the case of the sand cultures. 

In these and in other experiments we have noted that tillering proceeds 
more rapidly in sand cultures than in solution cultures. This fact may, per 
haps, be explained on the basis of the more profuse development of root sys- 
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TABLE 6 

Composition of plants grown in sand and solution cultures 


CULTURE ! 

AVERAGE 
ATR-DRY 
WEIGHT 
or EACH 
ELANT 

STEMS AXD LEAVES 

ROOTS 

K Mg Cl N P ' 

K Mg Ca N 

p 

Sand— 12 plants 

Solution — 12 plants 

26.3 

13.8 

per cent 

2 . 43 : 0 . 35!0. 90:2. 25j0.64 
3.25 0.49|l.48j2.98j0.61 

j per c€»i 

P.97|0.26’1.04jl .36^0.35 
1.60|0.34|2.62 2.66 1.32 


Details of experiment 

The plants were grown from July 23 to October 20. 

One liter of solution was used for each plant. 6 changes of solution for both solution 
and sand cultures. The same total quantities of solution were provided for each plant in 
both solution and sand cultures. 


TABLE 7 


Cofnparison of yields and of composition of barley plants grown in sand and solution cultures 
to maturity* 



AVERAGE 

WEIGHT 

(water- 
free basis) 

OF EACH 
FtAS-r 


COMTOsmoN 



K 

Ca 

Mg 

N 

P 


j ffm. ' 

percent 

perfcnl 

per cent 

per cent 

per rent 

Sand culture: 

1 






Stems and leaves 

6.63 

1.52 

0.89 

, 0.32 

0.44 

, 0.09 

Chaff 

1.50 

1.31 1 

0.61 

0.35 

0.50 

j 0.13 

Grain 

Entire plant (roots excluded) 

9.92t 

18.05 

0.47 ' 

0.06 

0.12 

1.54 

0.38 

Solution culture: 







Stems and leaves 

6,17 

2.21 

1.40 

0.43 

0.77 

0.24 

Chaff 

1.67 

1.70 

0.82 

0.31 

1.00 

0.32 

Grain 

Entire plant (roots excluded) 

6.00t 

13,54 

0.63 

0.06 

0.14 

!_ 

1.89 

0.51 


Description of plant {grown from May to September) 


CULTI’RE 

KTJMEER 

OF 

PLANTS 

grown 

ANE&AGE 

HEIGHT 

average 

NUMBER OR 
HEAtlS 

PER PLANT 

AVERAGE 

AIR-MY 

WEIGHT OF 
HEADS 

PER PLANT 

AVERAGE 
, NUMBER OF ' 
TILLERS 

I PER PLANT ^ 

1 AVERAGE 
AIR -DRY 
WEIGHT OF 
STRAW 
j PER PLANT 

AVER .AGE 
AiR-PRV 
WEIGHT 
OF 

KERNELS 

I 

i 

Cm. 1 


1 Snt. 


j gw- 

j SW- 

Sand 

i 24 1 

74,7±0.82§12,0±0.5S 12 .3±0,42.12. 7^0,57^7 . 13±0. 26 

0.050 

Solution 

1 24 1 

74.8=h0.92 iU.5±0.38 8. 1±0. 3142.0^0.336. 50^0, 33 

! 0.039 

1 _ 


* Total volume of culture solution supplied to each plant was 1500 cc., the same in both 
solution and sand cultures, 
t 55 per cent of entire plant. 

} 43 per cent of entire plant. 

§ Probable error of the mean. 
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terns in sand cultures. Gericke (10) has suggested that tillering is related to 
root development. If it is a fact that a sand culture offers a more favorable 
medium for plant growth than a solution culture, the explanation cannot be 
based on the total intake of essential elements, since plants developed under 
solution culture conditions may have the higher percentage of these elements. 
There are other differences in the conditions of sand and solution cultures. 
Very appreciable amounts of silica derived from the sand enter into solution 
and plants grown in sand may contain considerable quantities of silica in the 
stems and leaves. The conditions of aeration are, of course, different in these 
two types of cultures, and this is sometimes considered the principal difference. 


THE SOIL SOLUTION IN ITS PHYSIOLOGICAL ASPECT 

The ideas which are now held concerning the soil solution as a medium for supplying 
essential elements to plants have been reviewed by Burd and Martin (5). 

The original investigations of this laboratorj^ on the soil solution began with a study of 
water extracts of various soils kept in tanks under conditions as carefully controlled as 
possible. It was found in general that these water extracts were subject to great changes 
in composition and concentration during the course of the year. The growth of barley 
and of other plants had a pronounced induence in diminishing the quantity of material 
which could be extracted with water. The most notable change was in nitrate, which was 
generally reduced to a negligible concentration by the time the plants had made their maxi- 
mum growth. Definite decreases in the amounts of water extractable calcium^ and magnesium 
also occurred at this time. The decreases in potassium were less marked in character but 
they seemed to be significant in the majority of soils examined. No clear evidence was 
obtained of consistent changes in water extractable phosphate during a single season. 

At the time that the investigations were begun, the methods of water extraction seemed 
to be best adapted to achieve the purposes in view. It was realized, however, that an ex- 
tract made with five parts of water to one of soil, was not identical with the soil solution. 
Shortly afterward, Bouyoucos and McCool (2) described a crx oscopic method for determining 
the concentration of the soil solution at any desired moisture content. This methoel p) 
was applied to the same soils which were being studied by means of water extracts. ere 
was found to be a good general agreement between these two methods as far as general 
changes in total concentration were concerned. Both procedures indicated that the con- 
centration of solutes in the soil moisture varied at ditlerent times during the season and that 
there was a significant decrease in concentration brought about by the growth of crops- 

Measurements of the freezing point depressions nl the soil solupn nere supp 

mented by observations on extracts of several soils ll5) made with very smaU propmtions 
of water, after these extracts had been concentrated so as to have the same ^ 

those of the corresponding soils at approximately the optimum moi^sture 
found that these concentrated e.xtracts could be passed thmugh another 
soil wdthout essential change, and it was thought that th.s evidence 
that a solution possessing such properties did not differ great x rom c a 
as it existed in the soil under those particular conditions. PTimrts while 

The resuUs ot these various lines of inq«ir>Mcd to the ...umpnon 

not themselves identical with the soil solution, did reflect changes m 
sistont manner. At this stage of the investigations the only d.rcct ‘-I' « 
total concentration of the soil solution was that based on f 

attempt was made to use these data for the purptosc of 
dissolved from the soil by a 1-5 extract, in ad.litton to ™ 

in the soil solution. Before performing such computations, it was cs.e 
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or not all of the soil moisture was effective as a solvent. If it were assumed that all of the 
soil moisture acted as a solvent, then the amount of additional material dissolved by the 1-S 
extract could not be considered very great in most cases. But Bouyoucos found that when 
the freezing point depressions of soils were determined at different moisture contents, there 
was an abnormally great increase in the values obtained under low moisture conditions. 
This observation led to the theory that a considerable proportion of the total moisture of 
a soil might be held in “unfree” form and not act as a solvent. The amount of unfree 
water would vary greatly with different soils. On this basis, the total amount of dissolved 
material contained in a given mass of soil would be less than if all of the water functioned 
as a solvent. On the basis of the unfree water hypothesis, it was estimated that the 1-5 
water extracts dissolved from the soils used in our investigations a considerable quantity of 
material not originally present in the soil solution. 

Later Keen (16) made a mathematical analysis of some of the freezing point data pub- 
lished by Bouyoucos and showed that there was no sharp line of demarcation between the 
different forms of water in the soil and also suggested that the proportion of unfree water 
was not constant, but varied with the total moisture content. These conclusions are not 
accepted by Bouyoucos (1), who states that dilatometer measurements indicated that the 
unfree water was sensibly constant regardless of the total water content of the soil. 

About this time Parker (19) published a description of a modem application of what may 
be regarded as one of the oldest methods for studying the soil solution, the displacement 
method. As an incident to this investigation, Parker reached the conclusion that depres- 
sions of the freezing point may not measure the true concentration of soil solutions, since 
the finely divided or colloidal material of the soil exerts a pronounced effect on the freezing 
point depression, regardless of the solutes contained in the soil solution. Parker further 
concluded that all or nearly all of the water in soils functions as a solvent. 

The question of whether finely divided material in itself produces a lowering of the freezing 
point as suggested by Parker, is an interesting one and the writers have made some measure- 
ments on aluminum oxide (Baker’s analyzed, 200'mesh fine) at different moisture contents. 
When the oxide was washed free from soluble impurities, it was found that there was no 
appreciable depression of the freezing point, even at the lowest moisture contents at which a 
determbation could be made. Sugar solutions added to the dry aluminum oxide had prac- 
tically the same freezing point depression as in the free state. 

While it is therefore not proved that merely finely divided material affects the freezing 
point depression, yet it is a fact that the solution displaced from a soil at a low moisture 
content may be much less concentrated than would be inferred from the freezing point 
depression made on the soil at the same moisture content. But so far it does not appear 
that freezing point depressions made on soils fat least on those used in our experiments) at 
optimum moisture content arc affected to more than a slight extent by these new considera- 
tions. "We have frequently found that soils at the time of the most active absorption of 
solutes by a barley crop showed, extremely small depressions of the freezing point, yet the 
influence of the finely divided or colloidal material must have been exerted at all times during 
the season. Also, Burd and Martin (5) have found only comparatively slight differences 
between the freezmg point depressions of soils and those of the displaced solutions, when 
moisture contents were not below the optimum. 

Recently Burd and Martin (5) made an extensive and critical study of the Parker dis- 
placement method and introduced several modifications in the technique. The results of 
their experiments have a very significant bearing on the questions now under discussion. 
The simplest interpretation of the data would exclude the idea that any important amount 
of water in the soil docs not act as a solvent. If this conclusion be correct, then it is unneces- 
sary to take into account unfree water in comparing the amounts of material present in a 
water extract and in the soil solution. In other words, the w’ater extract is made up more 
largely of solutes derived from the soil solution than was at first assumed. Nevertheless, 
Burd and Martin have shown that 1-5 extracts of the soils examined by them contained 
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larger amounts of certain solutes, particularly of potassium and phosphate, than were found 
in the soil solution. All considerations lead to the same conclusion with regard to phos- 
phate, namely, that this ion is likely to exist in the soil solution only in very low concen- 
tration, and that the excess of phosphate dissolved in a water extract is very great. 

Some of these conclusions were confirmed by still another method. Burgess (7) working 
In this laboratory, applied the Lipman pressure method to the study of a group of fine sandy 
loam soils and from his studies reached the conclusion that unfree water did not exist to any 
appreciable degree in these soils. 

It is beside the purpose of the present discussion to consider the forms of water in a soil, 
but it may be remarked in passing that it seems possible that water may sometimes be 
combined or adsorbed and yet act as a solvent. Browne (4) suggests that a similar condi- 
tion exists in ferric oxide hydrosols. We must acknowledge, however, that these questions 
cannot be regarded as settled at the present time. 

CONCENTRATION OF PHOSPHATE IN SOIL SOLUTIONS AND IN CULTURE 
SOLUTIONS 

One of the most striking differences between a soil solution and an artificial 
culture solution is found in the concentration of phosphate. Even a fertile soil 
may contain only a very low concentration of phosphate in its solution. 
Burd and Martin demonstrated this point by means of the displacement 
method. The series of fine sandy loam soils examined by them contained 
3 to 12 parts per million of the phosphate ion in the solutions obtained from 
the uncropped soils. In ordinary culture solutions, the initial concentration 
of phosphate is far higher than this. For example, in one of Shivers solutions, 
approximately 1400 parts per million of this ion are present. Can plants be 
grown in culture solutions with concentrations of phosphate similar to those 
found in soil solutions? Comber ( 8 ) has suggested that plants may absorb 
phosphate from soils in a different way than they do from artificial culture 
solutions. 

The authors, accordingly, carried out experiments (tables 8 , 9, and 10) 
during two seasons for the purpose of studying the growth of plants in culture 
solutions witli very low concentrations of phosphate. These experiments 
were attended with some ditlkulty since it 'was necessary to maintain the 
concentrations of phosphate fairly constant. The procedure adopted was to 
use large volumes of solution and to add at frequent inteiwals new portions 
of phosphate, in the form of KH 2 PO 4 . After the plants had grown for several 
weeks it was necessary to make these additions every day. In order to con- 
trol the concentrations, small sam])les of solution w'ere removed from each 
bottle several times each week, and these samples composited for analysis. 
Very good growth of barley plants occurred in solutions with concentrations 
of phosphate as low as those of the soil solution. In the first season s experi- 
ment, the supply of essential elements other than phosphate was veiy^ abun- 
dant and the yield obtained from the solution with an average of 9 parts per 
million of phosphate was greater than those from the solutions containing 
0.7 or 2.4 parts per million. But even with the lowest concentration of phos- 
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phate, the average dry weight of each plant was greater than that of plants 
grown at the same season in soils producing at the rate of 25 to 65 bushels of 
grain per acre. In the second experiment, the concentration of the culture 
solution was reduced to one- third of that employed during the first season, 
and the solution of 10.8 parts per million of phosphate did not produce any 
greater yield than that containing 3 parts per million of phosphate. The 

TABLE 8 


Comparison of yields and composition of barley plants grown in solutions of different 
concentrations of POi 



AVERAGE 

WEIGHT 

(water- 
free basis) 

OF EACH 
PLANT 

COITPOSITION 


K 

Ca 

Mg 

i 

N 

P 


gwl. 

percent 

1 percent 

per cent 

per cent 

per cent 

Solution of 0.7 p.p.m. PO\: 

6.13 

3.48 1 

1.77 

0.34 

1.85 

0.32 

Chaff 

1.70 ' 

2.00 ' 

1.04 

0.34 ' 

1 1.84 

, 0.52 

Grain 

4.60 ' 

0.77 ' 

0.08 

0.16 ' 

2.58 ' 

0.59 


12.43 











Solution of 2.4 p.p.m. POt: 

9.50 

3.44 

1.74 

0.42 

1.69 

0.27 

Chaff 

2.80 

1.76 

0.91 

0.36 

1,66 

0.42 

Grain 

5.40 

0.59 

0.10 

0.16 

2.84 

0.63 

Entire plant (roots excluded) 

17.70 






Solution of 9.0 p.p.m. POi: 

Stems and leaves 

10.80 

2 90 

1.48 

0.48 

1.05 

0.23 

Chaff 

2.97 

1.99 

0.86 

0.36 

1.17 

0.33 

Grain 

9.60 

0.74 

0.08 

0.15 

2.32 

0.58 

Entire plant (roots excluded) 

23.37 











Regular culture solution^ 120 p.p.m. POt: 
Stems and leaves 

! 6.17 ' 

2.21 

1.40 

0.43 

0.77 

0.24 

Chaff ' 

i 1.67 

1.70 

0.82 

0.31 

1.00 

0.32 

Grain 

i 6.00 

0.63 

0.06 

0.14 

1.89 

0.51 

Entire plant (roots excluded) 1 

13.84 ' 

1 











solution containing 1.1 parts per million yielded almost as much in total dry 
matter as either of the others. All the solution cultures produced larger plants 
than those produced by a soil yielding at the rate of 40 bushels of grain per 
acre. In the soil cultures, the plants were spaced more widely than in 
ordinary field practice. Further reference to this latter point will be made 
presently. 
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TABLE 10 

Description of barley plants gron'n in solution of different phosphate concentrations 


DESCRirXION OP 
SOLUTION 

1 

0 

1 

0 

h 

AVERAGE HEIGHT 

D 

d 

n 

sg 

< 

i 

w 

h 

0 

1 

we 

5 

u ** 

3 

< n 

|S 

■< 

1 

1 

a M 

^ s 

2 3 
g J 
< « 

< 

AVERAGE WEIGHT OF STRAW 
PER PLANT 

z 

i 

0 

1 

g S 

N S ' 
> 

< ! 

a{ 

S 

0 

1 
i 

u 

0 rv) 

< 



cm. 




Sm. 

1 

sm. 

sm- 

1.1 p.p.m. PO| , . 

30 

79±0.76* 

5.0db0.13 

5.6±0.21 

5.4db0.04 

3.4±0.04 

4.6 

0.036 

3.0 p.p.m. PO 4 . . . 

30 80±1.0 

4.8±0.16 

5.1i0.23 

S.4±0.15 

4.6±0.17 

4.2 

0.034 

10.8 p.p.m. PO 4 .. 

30 83±0.82 

,4.3±0.04 

5.0i0.21 

5.0±0.17 

4.8±0.16 

4.2 

0.039 


* Probable error of the mean. 


Details of experiment 

Four liters of solution in each bottle supported two plants. The solution had one-third 
the concentration of that used in preceding experiment and was not changcd. 

The average amount of grain produced by a plant on adjacent soil was 3 gm. This soil 
yielded 40 bushels per acre. 

Average total dry matter per plant was 6.3 gm. 


GENERAL COMPARISONS BETWEEN PLANTS GROWN IN SAND, SOIL AND 
SOLUTION CULTURES 

While in recent years, many experiments have been reported in which the 
technique of solution or of sand cultures has been used, ordinarily no detailed 
description of the plants is given. Some of the photographs published show 
plants that seem to be more or less stunted even though grown in what were 
considered the best solutions. That is to say, even though the composition 
of the culture solutions was entirely favorable, some other condition may 
have limited growth. At certain seasons climatic factors may have been 
responsible but in other cases it is extremely probable that the total volume 
of solution supplied to each plant was inadequate. 

What constitutes a normal plant and upon what basis should comparisons 
be made between plants grown under different conditions? Under a favor- 
able climatic environment, it is possible to produce from a single barley seed 
a plant with as many as forty tillers and thirty or more heads. Individual 
plants from fertile soils under ordinary conditions of planting are much smaller 
than this. The size of the individual plants produced in a soil depend in part 
upon the number of plants grown in a given area or volume of soil. Within 
rather wide limits, the total >neld from a given mass of soil may be relatively 
constant regardless of the number of plants [Brenchley (3) and Burd in some 
unpublished data]. In much the same way, the size of the plant produced 
in solution or sand cultures will vary with the volume of solution, the numljer 
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of plants grown in each container, and the number of times the solution 
is changed. For this reason (cf. table 1), it is possible to obtain plants of 
entirely different size, the total growth depending upon the capacity of the 
container and the frequency with which the solution is changed. If the cli- 
matic conditions are not sufficiently favorable, a small amount of culture solu- 
tion may be capable of producing plants as large as can be grown under 
that particular aerial environment. This mil also be true if plants are grown 
only for short periods. 

From this discussion it is apparent that normality as applied to plant 
growth is a relative term. We are not justified in saying that a normal plant 
is one making the best growth under a given set of environmental conditions 
since it is evident that certain environments would affect the plant adversely. 
Thus a certain plant would be the best that could be grown under certain par- 
ticular conditions yet would be abnormal when compared to plants grown 
under more favorable environments. Normal plants may vary in total growth 
and may be produced under a relatively mde range of conditions. With these 
facts in mind it is evident that no exact standard for a normal plant can be 
established. It might be permissible to accept as a standard for comparison 
a plant of the same species growm in a productive soil and under similar climatic 


conditions. 

If it is desired to make any exact comparisons of different solutions with 
reference to the growth of plants over extended periods, it is necessary either 
to use large volumes of solution for each plant or eke to use a continuously 
flowing solution, as suggested by Trelease and Livingston (22), By this 
means, the composition of the culture solution may be maintained ranstant 
and very interesting information obtained in connection with certain prob- 
lems, but the comparison of many different solutions in this way would in- 


volve great technical difficulties. ^ ^ r t 

In view of some unpublished findings by Davis and m consideration^ o 
what has already been said here, it is fair to question the profit in comparing 
solutions of slightly varying composition. .\t least, more should be require 
than the control of the culture solutions. The adequacy or the toucity o 
any given solution or cultural arrangement is very much dependent upon 
climatic conditions. This fact is strikingly illustrated by the r^ent expen- 
ments of Davis in which it was found that two solutions of extreme y e 
composition produced equally good yields of wheat during certain mon 
of the year and during other months produced significantly different ^elds 
Not the least important factor of the climatic complex is ligh . ne 
writers has found that even comparatively slight shading dunng the s— 
months decreased the growth of barley plants to a marked 
their composition with regard to inorganic elements e\en chaded 

perature was maintained at essentially the same point aroun 


and the fully illuminated plants. 
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Our present knowledge enables us to state with considerable assurance 
that we cannot hope to demonstrate a “best” solution for any plant. It 
cannot be expected that any two investigators will agree in their findings 
unless all conditions, light, temperature, humidity, volumes of culture solu- 
tion, variability, etc,, are controlled. The relations of a plant to its culture 
medium are dynamic and no solution has any fixed value for plant growth. 
These remarks are made in a constructive spirit and are not directed in op- 
position to those who have initiated such researches in the field of plant 
nutrition. 

There is still another phase of experimentation with plants in artificial cul- 
tures which has perhaps received insufficient attention. Most culture solutions 
are made up with only six elements, aside from iron. It is probable that other 
elements may be essential, at least in small amounts. McHargue (18) has 
demonstrated this to be so in the case of manganese. In our experiments 
with barley, we have not found manganese necessary, but this may only 
mean that sufficient manganese was present as an impurity in the salts used. 
In determining the essential nature of elements required, probably in traces 
only, it becomes necessary to employ highly purified salts. Even then, an 
ample supply may be furnished by the seed. 

EXPRESSING THE COMPOSITION OF CULTURE SOLUTIONS 

The triangular diagram system is ingeniously adapted to the presentation 
of the data on yields obtained from many different solutions, but in view of 
the difficulties met with in the interpretation of such data, it is possible that 
the diagrams sometimes may become misleading. It may also be suggested 
that it is desirable to place the emphasis on the ions of the solution rather 
than on the salts used in preparing them. It is admitted that in a complex 
culture solution, the chemist is not prepared to speak with any certainty 
concerning the concentrations or activities of individual ions. Nevertheless, 
the culture solutions are ordinarily very dilute and the degree of dissociation 
high. Also, as plants absorb ions from the solutions undissociated molecules 
dissociate to restore the equilibrium. There is much evidence from absorp- 
tion studies that plants absorb the elements of the culture solution in ionic 
form (14). 

In earlier work, we have been accustomed to express the composition of 
culture solutions in terms of parts per million. Undoubtedly this method 
served the purposes in view at that time but with the carrying out of more 
intensive studies it has become necessary to interpret the data in terms of 
chemical equivalents. It seems to the authors that the most satisfactory 
method of describing culture solutions in all ex[>eriments of the type now 
under consideration, is in terms of milliequivalents. (In water analysis, 
these are called reaction values.) Total concentrations may be expressed 
in terms of parts per million or as osmotic pressures even though osmotic 
pressure may not have any particular physiological significance in dilute 
culture solutions. 
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INTERPRETATION IN RELATION TO SOIL PROBLEMS 


It may be well to consider further some of the similarities and dissimilarities 
between growth conditions in soil and solution cultures. One of the methods 
frequently employed with solution cultures is to change solutions every three 
days throughout the growth cycle of the plant. The plant is, therefore, 
subjected to alternating conditions in the culture medium. Conditions in 
the soil are likely to be quite different from this. The soil solution gradually 
decreases in concentration during the growth of the plant and during the 
latter stages very little nitrate remains in the soil solution. There may also 
occur a decrease in the concentration of calcium, magnesium, and potassium. 
Phosphate may possibly increase in concentration, because of the with- 
drawal of certain cations from the solution, as suggested by Burd and Martin 
(6). Later studies (unpublished data), indicate that during the growth of 
barley plants in soils which are not subject to leaching and in which the calcium 
concentration is only slightly decreased, the phosphate concentration is signifi- 
cantly lowered. A continuously flowing solution also fails to provide a 
medium like that of the soil, although this is no argument against the use of 
such technique for special purposes. 

Probably the conditions in the experiment described on page 379 imitated 
soil solution conditions to a considerable extent. In this experiment, the 
solution was not changed and the concentration of ions was decreased by 
absorption by the plant. It is probable, however, that potassium was re- 
duced to a lower concentration than in most soil solutions. 

Aside from phosphate, the authors have found no fundamental dissimilarity 
in composition or concentration between culture solutions such as those 
described in table 2 and soil solutions displaced from soils early in the season. 
It does not seem to be necessary to assume that plants absorb essential ele- 
ments from soils by some special mechanism entirely diflerent from that 


operative in solution cultures. 

While the composition of the solution displaced from a soil may represent, 
on the average, the solution from which plants absorb their mineral elements 
there are undoubtedly certain complications introduced by the presence o 
the solid medium. The composition of the soil solution m immediate contact 
with absorbing roots may not be the same as that displaced from tie mass 
of the soil as a whole. Diffusion of ions in soils is far slower than m solu ion 
cultures, and the absorption of ions from the soil solution seems to dep nd 
to a great extent upon the ability of the plant to exten 'ty®® Tndon 
It would seem that the nitrate ion diffuses readily through the y' 
since all, or practically all of the nitrate is removed from a sm con 
tank even though the absorbing roots do not come into t,., 

portion of the solution. Different ions diffuse at di erent ra es n 
would also have to be considered in drawing 

becalled the “physiological selection.” It is also probable that as root growth 
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and the absorption of ions proceed, not all of the root system would be bathed 
at any one time in exactly the same soil solution. In solution cultures, diffusion 
must be extremely rapid. Sand cultures would partake of the nature of the 
soil to a limited extent. The differences in the rates of diffusion of ions in 
sand cultures and in solution cultures is reflected in the composition of the 
plants grown in sand and solution cultures, as we have already pointed out. 
On the other hand, in both sand and soil cultures, the proportion of roots to 
tops is much greater than in solution cultures. The comparisons which have 
just been made refer particularly to soils kept at the optimum moisture con- 
tent. Burd and Martin (5) have shown that as the moisture content of a 
soil decreases, the concentration of some of the ions of the soil solution in- 
creases almost proportionately, so that the effect of variations in the moisture 
content of the soil, often occurring during the season, must be taken into 
consideration. While the concentration of the soil solution is increased at 
low moisture contents, the physiological availability of ions and of water 
may be decreased and it is impossible at present to determine the nature of 
the physiological relations existing between the plant and the soil solution 
at low moisture contents. 

Notwithstanding that solution culture conditions are in certain respects 
abnormal for most agricultural plants, plants like barley can be carried through 
their complete cycle of growth and very large and well developed plants can 
be produced. There is one difficulty which is often encountered at the final 
stage of growth under solution culture conditions. Roots may undergo 
bacterial decomposition at this time so that the final ripening of the grain 
is interfered with. In several experiments, however, we have found the 
average weight of the kernels produced in solution culture about 80 per cent of 
than the weight of those produced in a good soil. We have also compared 
the relative germinating powers of seeds grown under these different condi- 
tions and have found no differences. 

GENERAL DISCUSSION 

This survey of experiments leads to several general conclusions. As might 
naturally be expected, plants have great powers of adaptation to different 
cultural conditions. It is not at all necessary that some specific solution be 
provided. The essential condition of good growth, as far as the mineral 
elements are concerned, is that the concentration of each element be main- 
tained above its critical level. The culture solution must be replenished as 
absorption of ions by the plant proceeds in order to maintain the concentra- 
tion of any essential element above its critical concentration. Finally the 
conditions of light and temperature are of paramount importance in deter- 
mining the adequacy of concentration of any essential element. 

Although it has been the purpose of this article to point out some of the 
many difficulties to be overcome in interpreting, in terms of soil problems, 
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data obtained from experiments with artificial cultnre solutions, it is not 
mtended to depreciate the value of such experiments. Indeed, the use of 
solution culture technique seems to offer the most promising means of solving 
some of the most important questions of plant nutrition. It may be sug- 
gested however, that the time has arrived for the intensive study of plant 
growth from the standpoint of chemical metabolism. It is highly essential to 
learn more about the functions of different elements in the chemical system of 
the plant. This knowledge must be available before any satisfactory under- 
standing of the relation of culture solutions to plant growth can be attained. 


SUMMARY 

A brief review is given of various precautions to be taken in interpreting the 
results of experiments with artificial culture solutions. Additional evidence 
is presented concerning the imporUnce of taking into consideration the ab- 
sorption of ions by the plant in planning such experiments. 

Barley plants grown in solution, sand, and soil under identical climatic con- 
ditions, are compared with reference to total dry weight, number of tillers 
grain production, etc. 

A brief resume of the present theories on physiological aspects of the soil 
solution is given. 

Experiments are reported in which barley plants were grown in culture solu- 
tions containing phosphate in very low concentrations, maintained approxi- 
mately constant. Good growth was obtained under these conditions and 
analogies to the soil solution are pointed out. 

Attention is called to certain dissimilarities between soil solutions and arti- 
ficial culture solutions, as the latter are ordinarily employed. It is concluded, 
however, that there is no evidence from comparative experiments that plants 
absorb mineral elements from the soil by a mechanism different from that 
operative in solution cultures. 

The need for conducting more intensive chemical studies of plant growth 
is pointed out. 
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Although many cultivated soils are abundantly supplied with potassium, 
various field crops have often been benefited by small applications of soluble 
potassium fertilisers. This fact gives evidence that in many cases there is a 
deficiency of available potassium for maximum crop production. It also 
indicates the lack of understanding of the conditions necessary for the libera- 
tion of potassium in soils from its insoluble forms. 

The literature on the solubility of soil potassium is highly confusing and 
contradictory, but investigators generally agree that certain agencies must be 
constantly and vigorously active in liberating unavailable soil potassium. 
Carbon dioxide is one of the chief agents which according to Greaves, (14) re- 
acts with the insoluble potassium silicates to form soluble potassium carbonate. 

Ames (1) believes that the salts formed as a result of the acidity produced 
by bacterial and chemical action effect the liberation of potassium rather 
than the acids themselves. 

There is also the contention of Fraps (12) ahd Hopkins and Aumcr (15) that 
decaying organic matter has the power to liberate insoluble soil potassium. 

Other investigators claim that the application of certain fertilizers and 
neutral salts bring soil potassium into solution. 

Most of these theories, however, are not based upon facts established by 
experimental data. Therefore, the need for a more complete study of the sub- 
ject is plainly evident. A thorough understanding of the various agencies 
involved is absolutely essential in order to formulate any scheme of soil treat- 
ments which will permit profitable and economical use of the abundant supply 
of native soil potassium. Carbon dioxide, bacterial activities, mineral and 
organic acid, and decaying organic matter may all be expected to exercise some 
influence in making soil potassium available. The experiments reporte in 
this paper were planned in an attempt to ascertain the relative effect o t ese 
various factors on the liberation of potassium from the insoluble supply m the 
soil. 


‘ Part of a thesis submitted to the Faculty of the Iowa Stale College in partial fulfillment 

of the requirements for the degree of Doctor of Philosophy. and 

> The Lter wishes to express his appreciation to Dr. P, E, Brown ior 4e u^e^ons and 
criticism given concerning the work and the manuscript, and to l^s^aul hmcrsoa 
H. W. Johnson for the suggestions and help given during the course o is wor * 
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PART I 

Experiments in solutions 

This experiment was designed to study certain non-biological factors which 
might show some effect on the solubility of potassium in potassium-bearing 
minerals such as orthoclase, KAlSuOa, and alunite, K(A 1 ( 0 H) 2 ) 3 (S 04 ) 2 , 

The orthoclase was obtained from rocks collected locally. These were crushed and 
ground to pass through a sixty mesh sieve. The alunite was secured from the Mineral 
Products Corporation, Maryvale, Utah, and ground to the same fineness as the orthoclase. 
Upon analyses the orthoclase showed a total potassium content of 3.65 per cent; the alunite, 
3.92 per cent. One hundred-gram portions of orthoclase or alunite, or mixtures of the two 
were used with varying treatments. 



FIg. 1. Graph Showing the Effect of Manure Extract Acm Treatments on 
Solutions Contalsing Orthoclase and Alunite 

The treatments included manure extract, lime, gypsum and certain acid treatments. 
The manure extract was prepared by mixing 1000 gm. of air-dry, partly decomposed barn- 
yard manure with 6 liters of distilled water, after standing for 4 hours the manure infusion 
was filtered through coarse filter paper. Fifty cubic centimeters of the filtrate were used 
for the treatments. This amount upon analysis showed a content of 76,8 mgm. of potassium. 
CaCOj and CaSO^ were added in 2 gm. quantities. Hydrochloric, nitric and citric acids 
were used. One per cent of citric acid was added, and sufllcienl amounts of hydrochloric 
and nitric acids were used so that after the various ingredients were added the titration 
showed an acidity equivalent to a desired normality of the particular acid. 

The mixtures of alunite and orthoclase with the various treatments were placed in shaker 
bottles, made up to 500 cc. with distilled water and then sterilized in the autoclave for thirty 
minutes at fifteen pounds pressure. In order to insure proper mixing all the bottles were 
shaken for 10 hours in the shaking machine before they were placed in the incubator where 
they were kept at a constant temperature of 25'’C. 

The arrangement of the experiment is shown in table 1. In order to determine the effect 
of sterilization, mixtures 25, 26 and 27 and those marked “a’' were not sterilized. Mixtures 
25, 26, 27 were prepared just previous to the first sampling for the purpose of determining 
the water-soluble potassium of the minerals. The samplings were taken at intervals of 
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sup^rts the belief that decaying organic matter liberrteritl flm 
poUsst^:beanng mtnerals. If the average amount liberated by"iZ 
of CaCO, IS deducted from the surplus due to the manure extrac^t and CaCO^ 
and If the total average potassium present in orthoclase and alunite is taken 
as a mean tt js found that 0.195 per cent of the total potassium was liberal 

through the effect of the manure extract. smm was liberated 

The effects of CaCO, and CaSO, were comparatively small and the data 
show also that the imnerals were not acted upon by the acids, thus supporting 
e observaPons of McCaughy and Fry (20) rvho claim that acids do not affec 
orthoclase. However, the combined action of manure extract and acids in 
concentrations is quite remarkable. The manure extract with 1.0 N 
uni^ Ha apparently had no effect, but with the weaker concen- 
trations of HCl and HNO,. and with citric acid there were large effects. These 
are best indicated m figure 2 where averages of the result for each treatment 
have been plotted in the order of their increasing effect. 

McCall and Smith (19) found that in composting greensand with manure 
and sulfur, it seemed necessary for a certain degree of acidity to be developed 
before any appreciable amount of potassium was made water-soluble, thus 
confirming the observations made here. The results are also substantiated by 
Ames and Boltz (2) and more recently by Ames (1), who contended, however, 
that the effect of the acidity was due to salts fonned from the acids rather than 
to the direct action of the acids. This idea appears to find support in these 
results for the acids by themselves showed no appreciable effect on the minerals. 

The behavior of the solutions during the first 4-week period of the experi- 
ment is^ of particular interest, because it demonstrated the phenomenon of 
absorption. Although the figures in the first column of the table show an 
apparent increase where manure extract was applied, a considerable decrease 
really secured as indicated by the minus sign in the second column where 
t e water-soluble potassium applied in the form of manure extract and feld- 
spars was deducted. p]videntl}' potassium bearing minerals absorb potassium 
■"om solutions. This was also observed by DeTurk (8). If this fact is taken 
mto account the increases due to tlic manure extract as reported in the table 
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are by no means the maximum since a considerable part of the water-soluble 
potassium was undoubtedly held by the absorptive power of the minerals. 

The pH values were determined in order to ascertain the relationship, if any, 
between the reaction of the solution and the liberation of potassium. From the 
figures obtained and from the graph in figure 2, it is evident that the reaction 
of the solution had no effect on the liberation of potassium. 



water-soluble potassium; pH value 


PART II 

Expcrivients in soil 

Carrington loam secured from plot 107 of the humus plots of the Iowa Station was used 
as the basis of these experiments. This plot has been kept fallow since 1908 and has re- 
ceived no treatment whatever. A sample of the soil to a depth of eight inches was taken, 
air dried, and sieved. The total potassium content w'as 30,588 pounds per acre of 2,000,000 
pounds of surface soil, and the lime requirement as determined by the Truog method was 
two tons. Five hundred grams of air-dry soil were thoroughly mixed with the various 
materials in bottles as in part 1, and distilled water was added to obtain the optimum moisture 
content, v/hich was 25 per cent. For the alundum and quartz treatments, the optimum 
moisture was fl per cent, With the air-dried manure and clover hay applications, it was 
necessary to add their equivalent weight in water in order to bring those treatments up to 
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the optimum moisture. During the progress of the experiments, the moisture content was 
maintained by regulating the moisture content of the air which was continually passed over 
the soil. Air drawn through a solution of 30-35 per cent IljSOi contained approximately 
the amount of moisture required to keep the soil at the optimum. 

The carbon dioxide determinations were made according to the method of Potter and 
Snyder (23). Since sterile air was imperative for part of the experiments, it was necessary 
to make a slight modification in the apparatus. An absorp^on tower packed with sterile 
cotton was placed between A and B, and also between C and D shown on figure 1, page 282 
in Potter and Snyder’s report. The towers filled with cotton were sterilized in the autoclave 
every three or four weeks in order to destroy any organisms w'hich might enter. 

The carbon dioxide was determined at intervals of one, three, five, seven days, and every 
seventh day thereafter. The soils w^ere sterilized three time in the autoclave at 15 pounds 
pressure for three hours with intermissions of 36 hours each. This w^as found to be necessary 
to destroy all microorganisms and spores. The apparatus was of necessity sterilized in 
several parts which had to be reassembled before the experiment could be started. This 
operation naturally increased the possibilities for contamination. During the course of the 
experiment, several instances of such contaminations were observed but in each case the 
contaminated bottles were restcrilized and no further difficulties were encountered. 

At the end of the experiments the sterilised soils were tested for bacterial contents, and 
all proved to be sterile. 

Strks 1 


This series was planned primarily to ascertain whether results obtained in part 1, could 
be duplicated in soils. Orthoclase was applied to the soil in portions of 20 gm. per treatment. 
Manure was used at the rate of 8 tons per acre and acid phosphate at the rate of 400 pounds. 
CaCO, and CaSO* were applied at the rate of 3 tons per acre. The lime requirement was 
regulated by adding a certain amount of HCl which would give approximately the. requited 
acidity conditions; then the final adjustment was determined by the Truog acidity test. The 

treatments are shown in table 2. , 

Each treatment was prepared in six duplicates, two of which were not sterilized, two were 
sterilized, but not kept sterile, and two were sterilized and kept sterile. The duration of the 
cxDC-irocnts was 8-11 weeks, but for convenience all calculations for total carbon dioxide 
are based on 10 weeks. The resiills of the first titrations are not included m the caknlabons 
because it was thought that the carbon dioxide obtained was largely accumulated and not 
formed as a result of the treatment. The results showing tl.e total 
tion, the ivater-solublc potassium, and the pH values are given m table 2 and plotted 

AUhough the manure extract apix-ared to be the most eficctivc single factor in the expai- 
ment with potassium bearing minerals in part 1, such was not the case ^ ‘ 

test. The suggestion might bo made that manure and manure extract act J* 

was determined by conducting a separate experiment to compare he eSc o .amn i h 
that of manure, extract. The treatments were prepared m dup heat s sin . aris to .m 
.set in series I. Four grams of manure and 50 cc. of manure extrac ti e . . • 

comparison. The results secured in eight weeks are given m table 3 tr ni i h it can 
readily be seen that the difference, which is slightly m iavor of the maimre extract, .- 
large enough to be significant. 

The application of manure in scries 1 ivas rdatively sm.ill and 
was an apparent increase in soluble potassium, its el ect was no 

outstandini; as that observed in Fart 1. ,i,„,t a etiohl 

It is interesting to note that the addition of or.hoclase - ^ 3. 

increase in water-.soluble potassium both when aiiphcd alone and 
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bination with CaSO*. This would indicate that the potassium in ground 
orthoclase is more readily attacked than the soil potassium. This statement 
finds support in the experiments of Magnus (17) and Hopkins and Aumer (15). 


TABLE 2 

Water-soluble potassium^ total carbon dioxide and pH values of sterile and non-sterile soils of 
series 1, calculated front averages of duplicates 
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TABLE 3 

Water-soluble potassium and total carbon dioxide from soil treated uith manure and manure 
extract, calculated from averages of duplicates 



K PER ACRE 1 
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or SCO CM. SOIL 


iM, I 


Manure 

101 .4 ; 

1.453 

Manure extract 

104.7 ' 

1.493 


— 


The relatively small application of CaS 04 resulted in a decided increase in 
water-soluble potassium in both sterile and non-sterile soils. Although these 
results support the observations of McMiller (21) and Bradley (4) it shouM 
not be overlooked that negative results might be secured if the treatment were 
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applied to soil types derived from orthodase bearing rocks as suggested by 
Briggs and Breazeale (5). The possible cause of the beneficial effect of CaS04 
as suggested by Bradley (4) is that the cation of the gypsum is fixed by the soil 
and a corresponding quantity of potassium goes into solution to form KsSO*. 
The conclusion reached by Dussere (9) who claimed that the liberation of 
potassium from soils through the applications of g3q)sum, ammonium sulfate, 
and caldum superphosphate was due to the acidity resulting from those fertili- 
zers does not find much support in the results obtained in these experiments, 
since the pH value was practically unchanged by the CaS04 treatments. Brad- 
ley’s suggestion seems more plausible, although no actual proof can be given 
here. 

Probably the most outstanding data in this experiment are those showing 
the action of the acids on the liberation of potassium. It will be recalled from 
part 1, that the direct action of acids had no effect on the potassium bearing 
minerals, but when applied in combination with manure extract they produced 
decided effects upon the solubility of potassium. This soil contains consider- 
able organic matter and hence an effect similar to that observed in part 1 
could easily be produced. Again, the theory of Ames and Boltz (2) and of 
Ames (1), as to the action of salts of acids may be considered to be supported 
by the results of this experiment, but in this theory, the effects of colloids in 
the soil have been overlooked. 

The striking coincidence that the increase in water-soluble potassium was 
invariably associated with a corresponding increase in hydrogen-ion concen- 
tration leads to another possibility suggested by the work of Gordon and 
Starkey (13). They showed that a small change in hydrogen-ion concentration 
around pH 7 was followed by a large decrease in the absorption of potassium by 
silica gel and that when the hydrogen-ion concentration was further increased 
the potassium became correspondingly less absorbed and consequently more 
available. Their results seem to be in agreement with those reported in tables 
1 and 2, with the exception of the treatments which have a hydrogen-ion con- 
centration of less than pH 1.0. 

If pure, artificial silica gels manifest a lesser absorptive capacity for potas- 
sium under acid conditions, it is not unlikely that the silica colloids and gels in 
the soil exhibit a similar behavior. Silica colloids and gels according to Ostwald 
(22) constitute one of the four most important classes of soil colloids. Con- 
sequently they w’cre very likely present both in the soil and in the minerals 
used in these experiments. Furthermore, they were probably present in the soil 
which McCall and Smith, Ames and Boltz, and Ames used. Altliough those 
investigators did not determine the hydrogen-ion concentration, they found 
an appreciable increase of water-soluble potassium only under acid conditions. 
These striking coincidences would certainly lead to the suggestion that possibly 
the condition of the colloidal material in general and of silica gels in partic- 
ular are to a large extent responsible for the amount of potassium obtained 
in water extracts. 
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The results in table 2, obtained in sterilized soil subsequently exposed to 
non-sterile air, show the highest amounts of water-soluble potassium and car- 
bon dioxide. Sterilization was undoubtedly responsible for part of the increase 
in water-soluble potassium but it will be noticed that the soil which was kept 
sterile throughout the experiment gave lower results in all treatments except 
in no. 18. No explanation can be offered for this exception. 

The difference then between the sterilized soil which was exposed to non- 
sterile air and that which was kept sterile must be due to some factor other 
than sterilization. The carbon dioxide production of the former was about 
three times greater than that of the latter, and considerably greater than that 
of the unsterilized soil. This large carbon dioxide production was probably 
due to the action of molds which formed an exceptionally dense growth on 
all the sterilized soils subsequently exposed to non-sterile air. It seems that in 
the absence of competing organisms those molds were very active in the decom- 
position of organic matter, with the result that decidedly increased amounts of 
carbon dioxide and slightly increased amounts of water-soluble potassium were 
produced. The relation of carbon dioxide production to the liberation of 
potassium will be considered in series 2. 

Z 

The purpose of this series was to determine the clTect of relatively large amounts of organic 
matter on the liberation of soil potassium. Soil and orthoclase were used in the same manner 
as in series 1, Since the absorptive power of soil offers the chief difficulty in water-soluble 
potassium determinations, alundum, which is a non-absorbent and inert material, was 
introduced into the series in order to give an estimate of the amount of water-soluble potas- 
sium absorbed by the soil during the course of the experiment. Quartz, although absorbing 
a small amount of potassium, was used in comparison with alundum. CaCOj and acid 
phosphate were applied to study their effect when combined with large amounts of organic 
matter. CaCOs was used at the rate of four tons per acre and acid phosphate at the rate 
of 1000 pounds per acre. When alundum and quartz were used the potassium applied con- 
sisted in a mixture of 50 gm. of orthoclase and 50 gm. of alunite. 

Manure w’as added at the rate of 16 and 32 tons per acre and clover hay at the rate of 
4 and 12 tons per acre. The manure contained 1.071 per cent or 21.42 pounds of total 
potassium per ton, and the clover hay 0,981 per cent or 19.62 ]>ounds per ton. As a large 
part of this potassium is in a soluble form, the total amount was deducted from the hnal 
results in table 5. 

During the second week of the experiment a leak in the apparatus of the sterile set, caused 
contamination of all the bottles with the exception of sample 19-a. The contaminated 
bottles were resterilizcd, but separate analyses were made of the one that was not con- 
taminated. The arrangement of the test is shown in table 4. 

Each treatment was prepared in quadruplicate, two kept sterile and two non-stcrile. 
The duration of the experiment was 1 1 weeks for the sterile and 12 weeks for the non-sterile. 
For convenience, the total carbon dioxide was calculated C5fi the basis of 10 weeks. The 
results of the water-soluble potassium, the total carbon dioxide and the pi I values arc re- 
ported in table 4. The amount of water-soluble i.>otassium added in the form of manure 
and orthoclase is not taken into account. According to Traps (11) the water extract from 
the soil does not necessarily re[)/esent the solubilit)' of the [Kdassium minerals exposed to 
the action of the solvent, but the difference between the potassium dissolved hy the solvent 
and the soluble p 4 jtassium absorbed by the soil. This absorbed potassium of the soil is 
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TABLE 4 


Xl^aief-soluUe potassium, tota^- carl on dioxide, and pH value from sterile and non-sterik soils of 
series 2, cakukted from averages of duplicates 



TKEATMENT | 

NOT STERUTZED 

STERILIZED AND KEPT 
STERILE 

SKUrVE 

MTIKBEi 

Manure 

CaCO* 

Add 1 
phos- 
phate 

Clover 

hay 

K 

per acre 

Citrate 

soluble 

K 

pei acre 

COjin 1 
500 gru. 
soil 

Reac- 

tion 

K 

per acre 

COj in 
500 gm, 
soil 

Reac- 

tion 


tm. 

Sm. 

gm, 


lbs. 



PB 

lbs. 


pB 

13 

8 

2 



125.5 

505.2 

3.207 

6,8 

188,2 

2.710 

4.8 

14 

16 

2 



164.1 

553.4 

3.435 

7.0 

271.9 

2.665 

6.0 

15 

16 

2 

0.25 


, 202.9 

460.1 

3.350 

6,8 

328.2 

. 2.854 

5.6 

16 

16 




199.7 

637.1 

: 3.297 : 

6.1 

352.3 

2.877 : 

1 4.9 

17 



1 2 

80,5 1 

1 405.4 ' 

2.714 

4.9 

143.2 

2,469 

1 4.6 

18 




6 

167.5 

421.5 

3.231 

4.8 

189.8 

2.774 

4,4 

19 


2 


6 

165,9 

341.1 

3.140 

6,3 

204.3 

2.146 

5.6 

19a 









151.2 

1.661 


20 


2 

0.25 

6 

180.4 

1 370.0 

3.085 

6.3 

165.7 

2,075 

5.3 

21 

8* 




325.0 

' 431.2 

2,162 

8.9 

350.7 

1.835 

7.9 

22 

8* 

2 



327.0 

617.8 

2.331 

9.1 

331.4 

1.991 

9.1 

23 

8t 


___ 


304.1 


2.423 

1 8.2 

297.6 

1.772 

7.3 


* Alundum added, 
j Quartz added. 


TABLE 5 

Increase or decrease in teeter- soluble potassium due to treatment, after deduction of soluble amounts 
added in the form of organic matter and orthodase 



treatment 

a 

1 




.4 

< 

ti 

9 

§ 

s 

6 

u 

G 

t 

rS 

> 

C 

G 


gK. 

gm. 

sm. 

gm. 

13 

8 

2 


] 

14 

16 

2 


1 

15 

16 

j 2 

0.25 


16 

16 




17 





18 




6 

19 


2 


6 

20 


2 

0.25 

; 6 

21 

8’ 




22 

8' 

■ 2 



23 

8i 





NOT STEmiZED 


STERnJ2£D AND SMT STEMia 




ll25.5352.5 
164,1 697,2! 
1202.9,697.21 
.99. 7:697. 2i 
80.5 89,2 
:167.5 246.2i 
|l6S.9246.2' 
1180,4246.2 
325,0.396.7 
327.0396.71 
304,1 1396. 7 


j IbS: 

-127.0; 

-533. l| 
-494.31 
-497.5415.8! 
-8,7i 
--78. 7] 

^80, 3| 
-65.8; 

-71. 7| 80.4 
-69, o| 78,8] 
-92,6 




Ih. 

;i352.5i 


i ^ 

j Jij. 

jl88,2| 

271. 9697. J 
|328.2 i 697.2 
1-381, 7 352.3,697,21 
143.2 89.2 
189.8;246.2 
204.3!246.2^ 
165.7';246.2 
+ 8.7350.7396,7 
+9.0331.4396.71 


si 


lls, 

164 

■426. 

-369 

1-344 

-h54 

-56 

-41 

-80, 

-46 

-65 

-99 


JJi. 

■Ji 

■ 

.0 
.41 
.9) 

.5 
.olos.i 
3;99.7' 
,1 


+52.1 

+34.4 


’* Alundum added, 
t Quartz added. 
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only very slowly acted upon by water. Vanatta (27) found that boiling twice for a period 
of two hours failed to release any considerable amounts of absorbed potassium. 

It was found necessary in series 2 to make a second water extract on the two sterile and 
non-sterile alundum samples, in order to remove the potassium held mechanically. A second 
extract was also made of one of the treated soils. The results of this second analysis, to- 
gether with the increase or the decrease of water-soluble potassium after deduction of that 
added in the form of minerals and manure are reported in table 5. The water-soluble potas- 
sium of the minerals was taken from the average amount found in part 1. 

The results in table 4 show an apparent increase in water-soluble potassium 
corresponding roughly to the increase in organic matter added. However, 
when the soluble potassium added in the form of manure, clover hay and ortho- 
dase was subtracted as shown in table 5, there was a decrease in water soluble 
potassium throughout the series. This decrease was undoubtedly due to the 
absorptive power of the soil. 

According to Anderson (3) and his associates, 95 per cent of the absorption 
of potassium in soils is due to colloidal material. This absorbed potassium 
is only very slowly given up by the action of water. McCall, Hilderbrandt 
and Johnston (18) found that the curve showing the amounts of potassium 
removed by successive washings of a soil through which a solution of K.C1 had 
been percolated was almost a straight line. It is also possible that some of 
the soluble potassium was held in loose combination with small mineral par- 
ticles. That would probably account for the relatively large amounts of potas- 
sium obtained in the second extract, notably the extract of sample 16. It 
would be noted that the sum of the two extracts of the sterile and non-sterile 
alundum treatments given in table 5, do not necessarily represent the total 
potassium that was rendered soluble in the experiment. The minerals and the 
manure very likely contained materials which formed colloidal complexes 
capable of absorbing potassium. Hence, in view of the fact that the absorp- 
tion factor was not considered, and that, only 95.1 per cent of the potassium 
in the manure was water-soluble, the increases due to the action of manure 
indicated in table 5, are probably too low. 

It is of interest to note that the positive results with the liquid medium in 
part 1 were almost duplicated with the alundum medium but that the soil 
itself gave negative results. 

The official method with neutral ammonium citrate was used on the unsterh 
lized treatments of series 2, in an attempt to ascertain the amount of absorbed 
potassium. The results are reported in column 3 of table 4, and since they 
show no indication of the quantities of absorbed potassium in those soils the 
method was discontinued. 

The result reported in table 5, for the second extract of sample 16, might lead 
to the belief that repeated water extractions would give satisfactory results, 
but it should not be overlooked that the amount reported was far from the total 
amount absorl^ed. Furthermore, at least part of the potassium in the extract 
was probably held loosely around small particles instead of in the absorbed 
form. Schreiner and Failycr (24) passed a solution of KCl through various 
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soils and by continuous percolation of water, obtained amounts of potassium 
which showed no indications of the quantity absorbed by the soil. The more 
recent work of McCall (18) and his associates showed that only very small 
amounts of absorbed potassium were given up in repeated water extractions. 

All this goes to show that the chief difficulty in the determination of soluble 
soil potassium lies unquestionably in the absorptive power of the soil colloids 
and that other methods differing from the water extract method should be 
resorted to. 

The addition of calcium carbonate and acid phosphate showed no appreciable 
effect on the liberation of potassium and the production of carbon dioxide. 
The slight differences reported in table 4 are easily within the limits of experi- 
mental error. 

The application of organic matter in the form of manure and clover hay 
increased the carbon dioxide production in the soil. Comparatively small 
applications of clover hay appeared to have a decided effect on the carbon 
dioxide production. The maximum production for the Carrington loam 
seemed to be reached with applications of 16 tons of manure per acre. Larger 
applications did not increase the carbon dioxide production to any extent. 
More carbon dioxide was produced in the soil than in quartz, due to the decom- 
position of the organic matter in the soil. There seemed to be a close relation- 
ship between the carbon dioxide production and the liberation of potassium as 
indicated by the water-soluble method. The curves in figure 3, show that this 
relationship holds for the soils, but not for the alundum and quartz due prob- 
ably largely to the absorption factor. 

The sterilization of soils would naturally be expected to result in a decided 
decrease in carbon dioxide production since all bacterial action is stopped. 
The investigations of Deherain and Deraoussy (7) Wollny (28) and Severin 
(25) indicated that comparatively little carbon dioxide was produced in sterile 
soils and that the ratio between the amounts produced in sterile and non- 


sterile soils was 1:10. 

The results of this experiment as reported in table 4 showed that considerable 
carbon dioxide was produced in the sterile soils. In fact, the quantities pro- 
duced amounted to approximately 50 per cent of that in the non-sterile dupli- 
cates of series 1 and approximately 70-75 per cent of the non-sterile dupUcates 
of series 2. The reason for the higher results in series 2, is found m the fact that 
all the bottles except one were resterilized. Heat and pressure in the autoclave 
seemed to have an effect on the production of carbon dioxide as well as on the 
soluble potassium of soils. The results in table 6, show that sample 19 pro- 
duced approximately 24 per cent more carbon dioxide than its duphcate which 
did not get contaminated. Therefore, if 24 per cent of the carbon dioxide were 
subtracted from the results of the sterile part in series 2, the curves m figure 
would show approximately the same relationship in both series. 
those corrected results would represent largely amounts of carbon dioxide 
produced by purely chemical action. 
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The contention of Stoklasa and Ernest (26) that the two sources of carbon 
dioxide in soil are bacterial activities and plant root action does not find much 
support in the results of these experiments, because neither bacteria nor plant 
roots were present. It is true that the effect of sterilization may have started 
the breaking down of the organic matter so that hydrolysis and catalytic action 
could be more effective. However, the production of carbon dioxide in the 
sterile soils occurred similarly to that in non-sterile soil; the first four or five 
weekly determinations gave the largest quantities and thereafter a gradual 
decrease was noticeable. 

TABLE 6 


Total iL'ater-soluhle potassitim and carbon dioxide of sample 19 sterilized two times and of its 
duplicate sterilized once 


SAUFIX 

1 K PES ACEE ! 

COi M 500 GU, 

SOUL 


lbs. 

fm. 

19 sterilized twice 

204,3 

2.146 

19-a sterilized once 

151,2 

1.661 



TABLE 7 

Water-soluble potassium per acre and freezing point depression of soils sterilized once, compared 
with those sterilized twice* 


TREATMENT 

STERILIZATION 

total 

WATER- 

SOLUBLE 

POTASSIL"M 

FREEZING 

POINT 

DEPRESSION 

; INCREASE 

i. 

Sterilized twice, 16 T.M, f applied | 

Xon-sterile 

Sterile 

1 lbs. 

170.5 
> 233.3 

1 

; per cent 

36.7 

Check sterilized once | 

Xon-sterile 

Sterile 

56.3 
70.8 1 


25,7 

Optimum moisture, sterilized twice, j 
16 T.M. applied \ 

Xon-sterile 

Sterile 


0.252 

0,708 

25,5 

Soil extract, sterilized once, 16 T.M, [ 
applied \ 

N^on -sterile ^ 
Sterile 


0.027 

0.036 

i 

25,0 


* Sterilization was done as described in the experimental procedure of part 2. 
t T.M. — Tons of manure. 


The water-soluble potassium was increased invariably in all sterilized treat- 
ments, yet the carbon dioxide production was decreased 50 per cent or more. 
The results show that there was aljsolutely no relation between the carbon 
dioxide production and the liberation of potassium in the soil and that the 
sterilization caused large amounts of potassium to become water-soluble. 

Lyon and Bizzell (16) found that sterilized soil yielded decidedly more 
soluble potassium and other plant food. The results in table 7, show some 
interesting relations between the soluble potassium and the total salts in solu- 
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Uon m the stenle and non-sterile soils. One sterilization resulted in an 
rncrease of _2 .7 per cent in water-soluble potassium, and 25.0per nt n tte 
feeamg po.nt depression of the soil solution. Two sterilizations caused t 
increase of 36.7 per cent in the water-soluble potassium and 2S 5 per cent 
in the freezing point depression of the soil solution. It appears, tLre^ 



tiG. 3. Graph Showing the Relation Between the Prodlction or Carbon Dioxide 
and the Liberation of Water-Soluble PoiASSiuii in Sterile and Non- Sterile 
Soils, and the Relation of the pH Value to the Production of Carbon Dioxide, 
OR THE Liberation of Water-Soluble Potassium in the Same Soils 

“ — ■ non-sterile; sterile; M, manure; L, CaCOs; G, CaSO*; CH, clover hay; 

0» orthoclasc; Al, alunitc; Q, quartz; AP, acid phosphate: LR, lime requirement. 
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that heat and pressure have a decided effect on the solubility of potassium and 
other plant foods. 

Comber (6) found that heat caused the dehydration and breaking up of 
colloidal aggregates which exposed a larger surface to the solvent agendesand 
resulted in a larger quantity of soluble material. It is reasonable to suppose 
that heat and pressure in sterilization have a similar effect and, consequently, 
the higher yields of water soluble potassium from the sterilized soils shown 
graphically in figure 3 are only apparent. A correction of 25 per cent for series 
1, and 36.7 per cent for series 2, should be made before the results can be com- 
pared. Such a correction would show that the amount of water-soluble potas- 
sium in the sterile soils was approximately the same as in the non-sterile soils. 
It appears then that the production of carbon dioxide has no direct relation to 
the amount of water-soluble potassium. 

The reaction of the soils seemed to be affected to a slight degree by steriliza- 
tion. The pH values given in tables 2 and 4 indicate that for some unknown 
reason nearly all the sterilized soils gave a slightly higher hydrogen-ion concen- 
tration than the non-sterile soils. The soil reaction as a whole, however, 
proved to be of minor importance in these experiments. The curves in figure 
3, which represent the pH values of all the treatments in part 2, show abso- 
lutely no relation between these values and the liberation of water-soluble 
potassium or the production of carbon dioxide. 

SUMMARY 

These tests permit of certain conclusions. The fact that the absorptive 
power of colloidal matter prevented the complete removal of all the liberated 
potassium by water extracts indicates that the amounts recovered with the 
w^ater-soluble method are not as large as they should be but they are satis- 
factory for comparative purposes. 

1. A manure extract and a combination of manure extract and acids in 
moderate concentrations gave a decided increase in water-soluble potassium 
from finely ground orthoclase and alunitc in water solutions. Sterilization 
and the addition of acids, calcium carbonate, and calcium sulfate did not 
increase the water-soluble potassium of the same minerals. 

2. The application of relatively small amounts of calcium sulfate to Carring- 
ton loam caused an increase in water-soluble potassium .while calcium carbonate 
and acid phosphate did not. 

3. The action of contaminating forms, consisting largely of molds, resulted in 
a decided increase in carbon dioxide and a smaller increase in water-soluble 
potassium in sterilized soil. 

4. Organic matter such as manure and clover hay, and a combination of 
acids and organic matter applied to sterile and non-sterile soil resulted in an 
increase of water-soluble potassium. This increase, due to the absorptive power 
of the soil colloids, was less than the amount of soluble potassium applied in 
the form of manure and clover hay. 
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5. The production of carbon dioxide did not prove to be an index of the 
quant, y of water-soluble potassiuin Ubeiated. The maximum carbon dioxide 
producUon was secured with applications equivalent to IS tons of manure per 


6. The carbon dioxide produced in sterile soils was approximately 50 per 
cent of that obtained in the non^steriie duplicates. 

7. Steriliation resulted in a decided increase in the concentration of the soil 
solution and m the amount of water-soluble soil potassium. It also resulted in 
a slight increase in the hydrogen-ion concentration of the soil. 

8. The reaction of the soil showed no relation to the carbon dio.xide produc- 
tion or to the liberation of potassium, but there seemed to be some indication 
that a hydrogen-ion concentration less than pH 6 decreased the potassium- 
absorbing power of soil colloids. 
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The following methods have been used with varying degrees of success for 
redamnng altah soil or for alleviating temporarily its ill effects: (a) plowing 
dre surface sod an marnta.nmg the aM at a low level by systerna ic use of 
rrrtga mrr water; ) qutckly flooding the soil and then draining it; (e) removing 
he alkali from he surface by scraping; (d) growing aliali-tolerant crops 
(e) neutrahamg the alkah by chemicals or organic matter. These methods 
have been practiced with varying degrees of success. But in the maioritv 
of cases where the alkali has accumulated in quantities sufficient to materialW 
interfere with plant growth they can be considered as mere temporary ex- 
pedients. The only permanent procedure is the installation of underground 
drams. In some soils and with specific salts this is highly successful, whereas 
with Other soils or with different salts it is either only a partial success or a 
total failure. The failure is often due to the imperviousness of the soil to water 
which makes leaching impossible. At times the soil is readily leached of its 
alkali content but is barren for a number of years after the leaching. 

This work was undertaken to determine the rapidity with which the various 
salts leach from different soils, the quantity of plant-food which is taken from 
the soil in the leaching, and the chemical and biological changes which have 
resulted from the action of the various salts upon the soil and their removal. 
In this paper we shall deal with the chemical phase of the subject and in a 
subsequent article the biological phase will be considered. 


PLAN OF EXPERIMENT 

Two-gallon jars, provided with a halMnch hole near the lower edge were used. Into 
these holes were fitted rubber stoppers and glass tubes so that all drainage water could he 
Collected, measured, and analyzed. A small quantity of glass wool was placed over the 
Opening and the bottom of the jar was covered to a depth of two inches with fine gravel. 
This was covered with a layer of glass w^ool. SuiTicicnt soil to fill the pots was mixed with 
the requisite salts, packed into the pots, and the moisture content made to 20 per cent. 
Some pots Contained untreated, natural alkali soils. The salts treatments were as follows; 
2 per cent sodium chloride 
2 per cent sodium sulfate 
2 per cent sodium carbonate 
1 per cent sodium chloride plus I per cent sodium sulfate 
1 per cent sodium chloride plus 1 per cent sodium carbonate 
1 per cent sodium sulfate plus 1 per cent sodium carbonate 
I per cent each sodium chloride, sodium sulfate, and sodium carbonate 

40 ? 
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In one of the natural alkali soils the chlorides predominated, in another the sulfates, and 
in still another the carbonates. Eight pots were used for each treatment, six of which were 
leached and the other two unleached; results are reported as averages of six or two pots, 
respectively. Both the natural and artificial alkali soils were permitted to stand for two 
months with a moisture content of 20 per cent before leaching so that the reactions which 
were going to occur would tend toward equilibrium. At the close of this period six pots 
in each series were leached. This was done by keeping a ‘Vater head’* on them as near 
constant as possible. All drain water was collected and the following data taken: 

Time necessary to leach each specific salt from the soil 
Quantity of water required for the leaching 

Analysis of approximately every 2000 cc. of the drainage water for the specific 
salts added and for phosphorus, potassium, nitrogen, and carbon. 

COMPOSITION OP SOIL USED 

The work was conducted on four different soils: 

1. From the College Farm just east of the Plant Industry Building 

2. From Corinne 

3. From Benson Ward 

4. From Richland Acres 

Soil 1 was a good productive soil and was made unproductive by the addition of the salts 
listed above. Soils 2, 3 and 4 were natural alkali soils containing sufficient alkali to prevent 
the growth of all vegetation except a few salt-tolerant plants. The physical analyses of the 
four soils as determined by the Yoder (16) elutriator are given in table 1. 


TABLE 1 

Physical covtposilion of soils 


CONSinUINTS 

COLLEGE 
FAKU SOIL 

, CORIKNE 

1 SOIL 

BENSON 
WARD SOU 

, RICHLAND 
, ACRES SOIL 

Sand 

per cent 

36.6 

P<f cent 

17.5 

per ectU 

42.5 

per cent 

4.8 


30 6 

17 3 

20 9 

29 6 

Coarse silt 

18.8 

28.5 i 

19.0 

27.0 

Medium silt 

6.0 

15.9 

3.8 

13.1 

Fine silt 

2.3 i 

5.3 

2.3 

10.2 

Clay 

3.5 

7.4 

6.1 

9.4 

Moisture, soluble salts, and loss 

2.2 

8.1 

5.4 

5.9 




Soils 1 and 3 are sandy loans whereas soils 2 and 4 ate fine sandy loams. These soils 
should be more difficult to leach than a sand and much less difficult than a tight or heavy 
clay. However, they represent approximately the composition of the average alkali soil. 
Therefore the results obtained in this work should give a fair idea of what may be expected 
in the field with the various alkali soils. 

RATE OP PERCOLATION 

The results reported in table 2 are averages for the six pots leached. The 
containers in which the drain waters were collected held approximately 2500 
cc. and it was planned to empty, measure, and note the time when the bottles 
were about two-thirds full. Leaching was continued until an analysis of the 
drain water indicated that the greater portion of the soluble salts had been 
leached from the soil. 
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The water passed rather rapidly through the untreated soil. The first 
48 hours yielded an average hourly leaching of 29.4 cc.; during the second 
period this dropped to 23.6 cc. and then showed a rise. It is quite evident 
that there is no great increase or decrease in speed of leaching during a period 
of eighteen days. ^ Probably had this been continued longer there may have 
been a decrease since the soil tended to compact. The average amount of 
water leached through the untreated soil was 29.5 cc. per hour. This soil 
treated with 2 per cent sodium chloride leached at about the same rate at 
first, but during the second period the leaching dropped to 8.2 cc. per hour and 
never again throughout the experiment exceeded 11.3 cc. per hour. There- 
fore the average drainage from the soil treated with sodium chloride was only 
11.7 cc. per hour, which is about 40 per cent of that passing through the 
untreated soil in unit time. 


TABLE 2 

Rate of percolation in soil treated udih various sodium salts 


NO TRZATMJSNT 

2 PER CENT NaCl 

2 PER CENT NajCOi 

2 PEE CENT NasSOi 

Period 

Drainage 
per hour 

Period 

Drainage 
per hour 

Period 

Drainage 
per hour 

Period I 

Drainage 
per hour 

hourt 

cc. 

hours 

cc. 

koun 

cc. 

hours 1 

cc. 

48 

29.4 

60 

26.3 

142 

8.5 

, 56 1 

, 36.7 

71 

! 23.6 

1 279 

8.2 

374 

5.2 1 

57 

I 32.3 

52 

i 36.8 

274 

8.1 

506 

3.7 

60 

30,9 

56 

36,8 

223 

11.3 

594 

2.9 

76 

28.4 

66 

28.1 i 

222 

8.9 

711 

2.3 

85 

22.5 

72 

25.4 , 

127 

7.9 

S 

oo 

1.9 

115 

17,7 

71 

26.5 



928 

1.8 

91 

19.2 





1096 

1.4 

83 

22.4 





1417 

1.1 

44 

55.2 




1 



29.5 

63.9 


Soil treated with 2 per cent of sodium carbonate leached very slowly even 
at first, and by the end of one year only 1 cc. per hour was passing through the 
soil. The average drainage from this soil was only 3.2 cc. per hour, which is 
only about 1 1 per |cent of normal as compared with the untreated soil. 
The soil and drainage waier became dark in color. It puddled greatly and 
shrank in volume so that it did not fill the containers. Apparently, the 
granular structure had been broken down completely (fig. 1). 

Soil treated with 2 per cent sodium sulfate leached more rapidly than did the 
untreated soil. For a short time during the middle of the leaching period 
this soil for some unknown cause leached more slowly than the untreated soil. 
However, the average for the entire time was 32.9 cc. per hour which is 112 
per cent as compared with the untreated soil. This is due to the flocculating 
effect of the sodium sulfate upon the soil. It is likely that much of the benefit 
which has been found (11, 12) to result from the use of sulfates upon this 
soil is due in a measure to flocculation which increases the aeration of the soil 
3.nd correspondingly the activity of the aerobic bacteria of the soil. 
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The average results for the mixture of two sodium salts as compared with 
the untreated soil are given in table 3. 

A soil in which there is a mixture of sodium chloride and sodium suKate 
leaches nearly as readily as a soil containing only sodium sulfate. But neither 
sodium chloride nor sodium sulfate increases the permeability of black alkali 
soil for water. The soil receiving the mixture of sodium chloride and sodium 
carbonate leached a little more rapidly at first than soil containing only 
sodium carbonate. But such soil soon became as impervious to water as 
soil containing only sodium carbonate. The soil containing the mixture of 
carbonate and sulfate was in very bad physical condition from the first and 
leached very slowly. It was impossible to get enough water through the soil 
to leach out sufficient salt to permit plants to grow. 


TABLE 3 

Rate of percolation in soil treated ii'Hh embinotions of sodium salts 


NO TREATMENT 

1 PER CENT NaCi + 

1 PER CENT NaiSOn 

1 PER CENT NaCl + 

1 PER CENT NajCOl 

1 PER CENT NasCOj h 

1 PER CENT KasSO, 

Period 

Drainage 
pet hour 

Period 

Drainage 
per hour 

Period 

Drainage 
per hour 

Period 

Drainage 
per hour 

hours 

cc. 

hours 

cc. 

hours 

cr. 

hours 

cc. 

48 

29.4 

48 

29.2 

141 

14.7 

154 

5.5 

71 

23.6 

52 

40.6 

527 

3,2 

84 

2.2 

52 

36.8 

68 

28.3 

665 

2.1 

1135 

1.4 

56 

36.8 

45 

34.3 

812 

1.9 

966 

1.5 

56 

28.1 

87 

20.7 

1883 

1.0 

1353 

1.3 

72 

j 25.4 ! 

147 ! 

13.7 1 

1328 

1.3 

1177 

1.3 

71 

26.5 

54 i 

34 1 1 





1 


j 48 ! 

33.7 i 







48 

39.9 i 






The results obtained on leaching a synthetic alkali soil containing a mixture 
of sodium chloride, sodium sulfate, and sodium carbonate and natural alkali 
soils are given in table 4. The synthetic soil contained 2 per cent of alkali, 
one-third of which was chloride, one- third sulfate, and the remaining onc- 
third carbonate. In the Corinne soil the chlorides predominated, in the 
Richland Acres soil the sulfates, and in the Benson Ward soil, the carbonates. 

The prepared soil containing the mixture of chlorides, sulfates, and carbon- 
ates leached more slowly than soil containing either chlorides or sulfates, but 
much more rapidly than soils containing only sodium carbonate. 

The natural alkali soils, with the exception of the Corinne soil, leached more 
rapidly than the prepared soil. The slow leaching of the Corinne soil was due 
not alone to its alkali content but to the fine texture of the particles composing 
it. Both the synthetic alkali soil and the Benson Ward soil held very tena- 
ciously to the salts and neither was sufficiently reduced in alkali content to 
permit the germination of plants even after leaching for 207 and 133 days, 
respectively. As the salts were removed from the prepared alkali soil the 
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water pas ed through more rapidly, but all were in an extremely bad state of 
tdth after leaclnng. It is evident from these results that the speed with wHch 
water passes trough an alkali soil is dependent upon the specific alkaUes 
present and the texture of the soil. This is clearly brought Lt in table 5 


TABLE 4 


Jiate of percolation in soil Ireaki «lh Moriies. carbonaus and sulfates 


NO TREATBfiCNT 

1 NaCl+Na.SOi-h 

NijCOi 

CORrS'NE SOIL 

RICHLAND ACRES 
SOIL 

BENSON WARD SOIL 

Period 

1 Driinagt 
per hour 

Period 

1 Drainage 
per hour 

Period 

Drainage 
per hour 

Period j 

Drainage 
per hour 

Period 

Drainage 
{jcr hour 

kcurs 

cc. 

hours 

cc. 

hours 

cc. 

hours 

cc. 

hours 


48 

29.4 

161 

i 6,6 

686 

2.6 

64 

23.5 

149 

9 .0 

71 

25.6 

337 

1 6,1 

914 

1.9 

118 

15.2 

232 

8 .0 

52 

36.8 

362 

! 5,5 

' 841 

1.8 

193 

12.2 

260 

6.9 

56 

36.8 

341 

! 5,6 

! 1212 

1.8 

^ 216 

9.1 

192 

9.5 

66 

28.1 

416 

4.8 

' 1412 

1.2 

174 

7.7 

182 

11.0 

72 

25.4 

477 

' 4.2 



145 

8.8 

: 191 

10,0 

71 

26.5 

590 

1 4.4 





185 

10.0 



360 

4.7 





180 

10.9 



217 : 

7.7 





189 

9.4 



222 

7.6 





311 

7.2 



207 

8.9 





256 

7.4 



212 

7,2 





271 

7.0 

i 


282 

8.5 





253 

7,6 



252 

8.5 





254 

7.2 



270 

9,3 





223 

10.9 


TABLE S 


Relative quantities of water passing through each of the various soils in unit time 


SOIL 

TREATMENT ! 

■WATER 

LEACHED 

1 SOIL 

TREATMENT 

WATER 

LEACHED 

College 

None 

100 

1 College 

None 

100 

College 

2% Na,S 04 

112 

1 College 

0,669S each NaCl + 

23 

College 

ICcN^aCl + i% 

103 


NajSO* Na 2 C 03 



Na2S04 





Kichland Acres 

1 

' 43 ! 


j 


College 

2% KaCl 

40 i 

i College 

1% NaCl + 1% 

14 

i 



1 

\ NaiCOj 


Benson Ward | 


30 ; 

j College 

2% Na:CO, 

11 




College 

1% NajSO* + 1% 

7 




NasCOj 





li Corinne 


6 


which gives the relative quantities of water leached through the soil on the 
basis of the amount leached through the untreated soil taken as 100. 

Sodium sulfate increased the rate of leaching 12 per cent, whereas the mixture 
of sodium chloride and sodium sulfate increased it 3 per cent. All of the other 
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treatments greatly decreased the leaching. This was greatest where the 
carbonate was used and it is evident that the presence of the other salts had 
little effect in overcoming the puddling effect of the carbonate. 

The soils were all leached until an analysis of the drain waters indicated 
that the greater quantity of the soluble salt which could be removed by water 
had been carried from the soil. The time required and quantity of water 
necessary to accomplish this varied greatly with the different soils, as may be 
seen from table 6. 

The time and the quantity of water necessary to remove the salt is a function 
of the kind of salt in the soil and the texture of the soil. A small volume of 
water in a short time removed the greater part of the chlorides and sulfates 
from the soil, but it required a long time to remove the carbonates. 


TABLE 6 

Leaching necessary to remove the greater portion of the soluble salt from the soil 


SOIL 

laZATMEin 

Ip 

a 

S 

C 

< 

u 

h) 

M 

H 

< 

SOIL 

! 

TRIATMEirr 

Oq 

F 2 ' 

§ M 

N : 

Q 

W 

K 

u 

< 

s 

h 

< 



' days 

lUers 



, days 

' lUers 

College 

None 

18 

121 

College 

None ] 

18' 

121 

College ! 

i 2% XaCl 

49 

, 84 

College 

1% NasSO* 4- 1% ' 

203: 

1 85 

College ! 

I 2% Na^COs 

274 

140 


NaiCOa ! 


i 

College 

' 2% NasSO* 

29 

175 

College 

0.66% each NaCl +' 

1991 

1 240 

College 

' 1% NaCl + 1% 

25 

153 


NaiSO^ h NasCOs 




XajS 04 




i ^ 



College 

1% NaCI + 1% 

640 


Corinne 

I j 

211! 

1 


1 Na,CO, 1 



Richland Acres 

' 1 

38! 

1 94 



i 


Benson Ward 

1 

139' 

j 247 


ILVTE OF REMOVAL OF SOLUBLE SALTS 

The salts added were determined in each of the fractions of leach water 
collected. The average results for the sodium salts are given in table 7. 

Sodium chloride was rapidly leached from the soil. There was removed in 
the second period 41 per cent as much salt as during the first period. The 
quantity per cubic centimeter was, however, 47 per cent greater during the 
second period than during the first. This undoubtedly occurred because the 
soil held the water longer, which permitted it to become more nearly saturated 
with salt before it drained from the soil. The yield in the third was only 2 
per cent per hour of that of the first and by the fourth period it had been 
reduced to a fraction of 1 per cent. The quantity of salt per cubic centimeter 
by the fourth period had been reduced to 0.2 mgm. per cubic centimeter which 
indicated that most of the salt soluble in water had been leached from the soil. 

Less sodium carbonate was leached from the soil per hour during the first 
period than sodium chloride. The quantity per cubic centimeter, however, 
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was much greater. By the fifth period the quantity being removed had 
become nearly constant, with each cubic centimeter of water carrying 2 
mgm. of sodium carbonate. It would appear that uncombined or unadLrLd 
sodium carbonate is readily removed by water, but the combined or adsorbed 
salt IS removed with great difficulty. 

Sodium sulfate was leached from the soil even more readily than sodium 
chloride. These results would indicate that no trouble should be experienced 
in leaching sodium chloride or sulfate from a soil such as this. This should 
not, however, be taken as the case with all soils, for the texture of this soil 
was fairly coarse and it was well supplied with calcium and magnesium car- 
bonate (5). There was no indication from the texture or color of the soil or 
analysis of the drainage water that the sodium chloride was being transformed 
into the carbonate. The removal of sodium carbonate from this soil presents 
considerable diificulty, for even after it had been leached for 274 days and 


RaU of removal of A aCl, A OjCOj aytd A GiSOifrom soil containing Z per cent of these same salts 


NaCl REMOVED j 

NajCOl REMCJt'ED j 

NasSOj REMOVEP 

Period 

Per hour 

Per cubic 
centimeter 

Period 

Per hour 

Per cubic 
cetitimeter 

Period 

Per hour 

1 Per cubic 
ccnrimeler 

hours 

mgm. 

mgm. 

hours 

msm. 

rngm. 

hours 

mgm. 

I msm. 

60 j 

712,0 

27.1 

142 

438.1 

51.5 

56 

1471.0 

: 40.1 

279 

291.3 

24.2 

374 

98.5 

18.9 

57 j 

787.5 

I 24.4 

274 

12.0 

: 

506 ; 

18.2 

4.9 

60 , 

339.9 

i 11.0 

223 

0.1 

0.03 

594 

7.3 

2.5 

76 

100.4 

1 3.5 




711 

4.7 

2.0 

85 

37.4 

i 1.7 




800 

2.8 

1.5 

115 

9.2 

1 0.5 




92S 

2,6 

1,4 

91 

3.1 

0,2 




1096 

j 2.2 

1.6 

83 

1,5 

0.07 


140 liters of water had passed through it the soil contained sufficient black alkali 
to prevent the growth of plants. In addition to the large quantities of sodium 
carbonate present several other factors were not ideal for plant growth after 
leaching as will be pointed out in this and later papers. 

It is evident from table 8 that in a mixture of sodium chloride and sodium 
sulfate the chloride leaches from the soil more readily than the sulfate. By 
the end of 168 hours the drainage water was nearly free from sodium chloride 
hut was carrying appreciable quantities of sodium sulfate at the end of 501 
hours of leaching. The sulfate is adsorbed more firmly by the soil in mixtures 
and as individual salts than the chloride. Soil containing sodium chloride 
and sodium carlx)nate yields its chloride readily but the carbonate is tena- 
ciously held. Even after being leached lor 640 days soil still yielded con- 
siderable sodium carbonate. Moreo\'Cr, it is evident from these results that 
sodium carbonate retards the leaching of sodium chloride from the soil. Ihis 
is also true for sodium sulfate. However, it does appear that the carbonate 
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leaches out more readily in the presence of sodium sulfate than in the presence 
of sodium chloride, which is due to the flocculating action of the sulfate. 


TABLE S 

Rdie of removal of sodium salts from soil containing combinations of the following salts 


l PER CENT NaCl + 

1 PER CENT NaSOi 

l PER CENT NaCl + 

1 PER CENT NajCOi 1 

1 PER CENT NajCOl + 

1 PER CENT NasS04 


NaCl 

Na,S04 

NaCl NajCOi ! 

NajCOi NajSO* 

Pcrwl 

removed ! 

removed 

Period removed removed 

Period removed removed 


per hour ^ 

per hour 

per hour per hour ! 

per hour per hour 

hours 

mitn. 

rngm. 

hours msm. tngm. 

hours mjm. 

48 i 

940.2 

478.7 

141 454,6 14.0 

154 14.1 293.4 

52 1 

746.1 

637.1 1 

527 39.9 11.8 

843 8.8 41.4 

68 

1 26.1 

1 321.1 1 

665 2.3 10.3 

1 1135 5.5 2.0 

45 

1 1.0 

i 130.3 1 

812 5.3 

1 966 4.5 0.08 

87 


16.2 

1883 2.0 


147 


2.1 

^ 1328 


54 


4.5 



48 


3.5 


i 


TABLE 9 

Rate of removal of sodium salts from synthetic and natural alkali soils 


i i i 

SYNTHETIC ALKALI SOIL j CORINNE SOU j RICHLAND ACRES SOIL 1 BENSON WARD SOIL 


1 Removed per hour 

Removed Removed | 

per hour per hour j 

j Removed per hour 


Z 

6 

in 

Z 

S ’ 

z 

- 0 ^ O 

0 U ! 

Z Z Z Z i 

1 

<3 0 

s s 

z z 

hours 

mm- ' 

mgm- 

j mjm. hours : 

mgm. mgm. hours mgm. mgm. hours 

mgm. 

mgm. mgm. 

161 

;272 .4 ' 

265.0 

5.4 658 ’ 

1502.8 8.1 64 163.4727.3 149 

,605.1 

386.6244,3 

337 

30.5 

44,8 , 

13.8 914 ■ 

1 34.3 0.8 118 18,7 168.01 232 

, 24.7 

, 73.2 11.4 

362 

14 

13 

10.6 841 

2.4 0.05 193 4.9 260 

; 3.8 

30,6 3.0 

341 

0.1 

0.4 

1 9,2 1212 

0.5 216 0 9 192 

0.9 

, 20.0 1.7 

416 


0.2 

; 6.4 1412 

174 0.5 182 


; 15,7 1.2 

477 


0.2 

4.0 

145 0.5 191 

j 

i 12.2 0.8 

590 



2.3 

185 


9.5 

360 



3,5 

180 

1 

^ 94 

277 



: 4.1 

189 


, 7,5 

222 

1 


4.6 

311 ' 


4,3 

207 



4,3 ^ 1 

256 ! 


4 9 

212 



4.8 i 

' ' 271 ' 


4,4 

282 



■ 2.9 

253 


: ^2 

252 



2,1 1 

254 

1 

i 3.81 

270 


I 

1,3 1 

223 




The average results for a soil containing mixtures of sodium chloride, sodium 
carbonate, and sodium sulfate and for natural alkali soils are given in table 9. 
These soils were similar in the order in which they parted with their solu()le 
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salts. The first washings carried away most of the chloride and sulfate 
Often the first water leached through the soil was nearW saturated with salt 
The carbonate both in the natural alkali soil and the synthetic soil, was rapidly 
leached from the sot during the first period, but later it was only slowly 
removed. The slow leaching of sodium carbonate from the soil was due to 
two factors, via., (a) the extremely bad physical condition of the soil and (6) 
the chemcal combination or adsorption of the black alkali by the various 
colloidal consrituents of the soil The second factor was of the greater impor- 
tance, for table 4 shows that although the black alkali soilleached extremely 
slowly as compared with the white, yet the speed of leaching did not decrease 
after long periods of leaching. The quantity of sodium carbonate, which the 
drainage water was carrying from the soil, was very small even though the 
soil still contained great quantities of sodium carbonate, as may be seen from 
table 10. 

TABLE Ifl 

R(comy of salts from prepared and natural alkali si>ih 




; XaCl 

Na.SO; 

s 

BECOVERED , RECOTORED 

EECO^TEREB 

i 

;■ 



sm. 

pcrctKl, 

per cent 


percent 

I ISO 



128,9 

71.6 1 





ISO 



459,9 

88.8 



; 


180 


i 


120,5 

66.9 

College 90 


90 

85,0 

94.5 1 


22.0 

24.5 

n 90 ' 

j 90 


85,0 

94.5 ! 86.0 

95.6 



i .■ 

90 

90 


1 183 0 

92.2 

19.4 

1 21.6 

x' 90 ' 

i 60 

i 60 

1 54,8 

1 91.3 i 58.6 

97,7 

26.0 

1 43,3 

Corinne 

1 

i 

■379,1 

i 6,3 



1 

Kicliland Acn^s ! 



' 12.7 

■ ' 67.8 


i ; 

i 

Henson Ward i 

I 

) 


■ 97,0 

■ 40.6 


;103.7 

i 


Kight.y-four liters of water passed lli rough the soil containing 2 per cent of 
sodium chloride in 49 days and removed 71,6 per cent of the sodium chloride 
from the soil One hundred and seven ty-five liters leached through the soil 
treated with 2 per cent sodium sulfate in 29 days and reino\'ed 88,8 per cent of 
the sulfate from the soil, whereas only 140 liters of water drained through 
the soil treated with carbonate in 274 days and removed 66.9 per cent of 
the sodium carbonate from the soil. 

It is evident from these results that the speed with which the water passes 
through the soil and the ease with w*hich the salts are removed is a function 
of the kind and the quantity of salt within the soil. It is greatest in the sulfate 
and least in the carbonate. 

K mixture of sodium chloride and sodium carbonate leached more slowly 
than either of the salts separately. In 640 days only 98 liters of water 
passed through soil treated with these two salts and removed 24.5 per cent 
and 94,5 per cent, respectively. Sodium sulfate in every case accelerated the 
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speed with which water passed through the soil and also the rate with which the 
chloride was removed. But even in the presence of sulfate, sodium carbonate 
was leached from the soil extremely slowly. During the leaching 88.8-97.7 
per cent of the sulfate was removed from the soil, 71.6-94.5 per cent of the 
sodium chloride, and only 21.6-66.9 per cent of the sodium carbonate. It is 
evident from the results as a whole that the prepared alkali soil containing 
sodium chloride, sodium sulfate, and sodium carbonate reacts very similarly 
to the natural alkali soil. In each case the carbonate was the substance 
giving the difficulty, as was the case in each of the natural soils tested. 

CALCIUM AND MAGNESIUM CONTENT OE LEACH WATER 

All four soils were high in calcium and magnesium. The College Farm soil, 
which is normally free from alkali and which has been used in all of this work 
for the preparation of the prepared alkali soil, contained 33.31 per cent of acid 
soluble material. It contains 7.41 per cent of calcium oxide and 4.15 per cent 
of magnesium oxide. This is a calcium-magnesium ratio of 7 : 4 which is the 
ratio Loew and May (13) found to be best for the germination and growth of 
cereals. They were, however, dealing with soluble calcium and magnesium, 
whereas this is mainly in the insoluble form, much of it probably being in the 
form of the double salt CaMg(C03)2* The question naturally arises as to the 
order in which these two bases are dissolved out by water both in the absence 
and presence of the various alkali salts. To answer this, all of the drainage 
waters were analyzed for calcium and magnesium. The average results for 
the variously treated soils are given in table 11. The drainage water was 
analyzed when approximately 2000 cc. had leached from the soil. 

A number of very interesting features appear in these results. For instance, 
the calcium magnesium ratio for salts leached from untreated soil is narrow, 
averaging 1.2- 1.0 which is ideal according to the findings of Furuta (6), Aso 
(1, 2), Bernardini and Corso (3), and Bernardini and Siniscalchi (4) for wheat, 
rye, oats, and other plants with small leaf surface. The constant leaching of 
these soils by water, judging from the order in which the lime and magnesia 
are being carried out, should never leave them toxic because of a wrong 
lime-magnesia ratio. 

On the other hand, the soil which was treated with 2 per cent sodium chloride 
yielded large quantities of calcium in the early leach water, probably because 
of the formation of calcium chloride and sodium carbonate. This gave a 
very wide lime to magnesia ratio, which was as wide as 7.1 to 1 in some 
of the drainage waters. As the soluble salts were washed from the soil 
the ratio became narrow and toward the last was as low as 1 to 3, which 
according to Loew and his coworkers (13) would cause a very unproductive 
nutritive medium for the growth of plants. It would therefore seem that the 
long unpr>xiuctive period following the drainage of alkali soil is due at tunes 
to a toxic lime-magnesia ratio of the soil solution and should be rectified by 
the addition of lime to the soil. The lime would not only cause a better state 
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Cakium oxide, imgnesium oxide, and lime magnesia ratio in drainage from treated soils and 
natural alkali soils 



LtXCH* j 

^ 

1 pH CEVT NajS04 +i 

1 PEK CENT NatCOj 

0.66 PEE CENT EACH > 
NaCl. NatSOi. 
XaiCOi 

INQ 

CaO 

MgO 1 

CaO 

MgO 

CaO MgO j 1 


<». 

tm. 

tm. 


gm. 

£Jn- j 

1 

2.5 

2.0 

2.3 

9.9 

6.S j 


2 

3.6 

2.4 

1.5 1 

6 0 1 

2.5 1 

2.4 1 

3 

, 3.3 

0.9 

3.7 1 

2.1 1 

0.7 

3.0 j 

4 

1.0 

0.5 

2.0 

1.1 

0 5 

2.2 ! 

5 ' 

1.7 

0.6 

2.8 

1.1 

0.6 

1.8 

6 

1.1 

0.5 

: 2.2 I 

, 1.0 

0.4 

2.5 

7 

1 


1 1.0 

0.3 

3.3 

8 




1,0 

0 6 

1.8 

9 




0.9 

0.3 

3.0 

10 




0.7 

0.2 ' 

3.5 

11 




1,0 

0,3 

3.3 

12 




1.0 

0.5 

2,0 

13 




1.9 

0.6 

3.1 

Total , . 

. jl 3.2 

6.9 

1.9 

28,7 

14.3 

^ 5 " 


f g I CO JmsO I c»o jMgO I f g } c»0 Jm80 


|m. I i 


1 0 . 6 ; 


^ I i 


I £«. I ». 

; 0 . 6 ! 

, 6.7i 0.6:11.1 


l.i; U.O: U.Oj V.v., 

0.5; 1.2| l . lj 0.5|2.2 


0.71 0.3; 2.3 

0 . 6 | 0 . 2 , 3.0 


0.71 0.3 i 
0,7 0.3' 
0.6 0.1 
0.510.2 


2.0 b 3.2;24.7| 1 .319.286 .4 Q .2;17^ 


2.3 

2.3 

6.0 

2.5 


4.4|3.9 
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of tilth but also a proper Ume-magnesia ratio. The rapid retaoval of the 
calcium as opposed to the magnesium from the soil may also yield a soil 
deficient in total calcium as compared to total magnesium. It is quite con- 
ceivable that this may occasionally occur when chlorides are used over long 
periods in commercial fertilizers. 

Soil containing 2 per cent of sodium sulfate yielded more calcium and mag- 
nesium in the leach water than did untreated soil, but only 30 and 60 per cent, 
respectively, as much as was yielded by soil treated with sodium chloride. 
The lime-magnesia ratio was narrow in the first leaching and wider later. 
However, the average ratio for the entire leaching was 1.6 to 1, and it never 
became narrow enough to indicate a toxic condition. Moreover, the speed 
with which the two salts were carried from the soil was such that the ratio in 
the soil would not be upset enough to render it toxic. Hence, viewed in the 
light of these results fertilizers containing sulfates would probably be safer 
in long continued experiments on this soil than would fertilizers containing 
chlorides. 

Less magnesium and only slightly greater quantities of calcium were leached 
from soil treated with sodium carbonate than from untreated soil. There was 
a wide calcium-magnesium ratio throughout the leaching process and no 
indication that the toxic ratio would be reached in soil containing black alkali. 
It is significant that thirteen times as much calcium and fifteen times as much 
magnesium was carried away in drain water where sodium chloride was the 
alkali present as where sodium carbonate was the salt present. 

Soil containing a mixture of sodium chloride and sodium sulfate lost more 
calcium and magnesium than soil containing only sodium sulfate and con- 
siderable less than the same soil containing only sodium chloride. The lime- 
magnesia ratio was 1.7 to 1 which does not indicate to.xicity as is the case in 
the last leaching from soil treated with sodium chloride. 

Soil containing mixtures of sodium chloride and sodium carbonate and of 
sodium sulfate and sodium carbonate parted with their calcium slowly and as 
an average lost no more than the untreated soil. In every case the quantity 
of calcium exceeded the quantity of magnesium and usually with a margin 
great enough to render the solution non-toxic according to Loew’s lime- 
magnesia theory. 

Beciiuse of the extremely long time necessary to leach the soil containing the 
three salts, this series lost more calcium and magnesium than did the untreated 
soil or those soils containing only a single salt. The excess loss of calcium 
over that of magnesium was most noticeable here. 

The quantity of calcium lost from the Corinne soil was about the same as 
that leached from the prepared alkali soil. However, the magnesium lost 
from the Corinne soil was much greater and the quantity of magnesium in the 
leachings greatly exceeded the quantity of lime. This was due to the large 
quantities of soluble magnesium chloride and sulfate in the original soil and it 
cannot be assumed that magnesium carlwnate was rendered soluble. This 
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was true m both the Connne and Richland Acres soil from which a great excess 
^magnesrum over calcmm left the soil in the&st drain waters. InThe Benson 
Ward sod he hme-magnesra ratto was wide throughout with only smaU 
quantitres of the salts leached from the soil. 


PHOSPHORUS CONTENI OE DRAINAGE WATERS 

The drainage waters from each pot were analyzed for phosphorus and the 
average results are given in table 12, Analyses were made on each bottle 
which contained approximately 2000 cc. of the leach water. This fractional 
analysis gives the order in which the phosphorus left the soil. It is interesting 
to note that not only while the large quantities of alkali were leaving the soil 

TAlfLE 12 


Phosphorus hacked jrm syniheik and natural alkali soils 


1 

1 

LXACHIKG 


2FEft 
CENT ; 

NaCl 1 

1 

2 PER 
CENT ' 

Na,SO* 1 

1 

2 PER 
CENT ! 
Na2COj' 

1 

IPM 1 

NaC[ 1 

+ 3 PER 
CENT 

NajCOs 

1 PER j 
CENT 
NaiSOi 
+ I PEE 

cent: 

NajCOi 

0.66 PEE 
CENT 
RACK 

NaCl 

Na,SO< 

:Na5CO» 

COEINNE 

SOIL 

} 

RICH- 1 

LAND 

ACRES 

' soa 

EEKSON 

WARD 

SOIL 


mem. 

m;m. 

tr(£m. 1 

mem. 

, mem. 

mem. 


mem. 

mem. 

mem. 

rngm. 

1 1 

3.81 

3.49S 

18.30 

323.20 

7.70 

15.28 

! 20. 6l' 

7.05 

8.18 

1.89 

805.98 

2 

4,48 

6.68^ 

18.86' 

|l39,00 

1 11.16 

38,70 

37.95 

25,11 

12.73 

5.50 ' 

144,00 

3 

5,06 

26.431 

10.161 

54,20 

12,91 

37.89' 

28.46 

24,86 

16.86 

2.95 

69,46 

4 

6,48 

35.18 

1 8.69: 

! 34.39' 

1 10.27 

28,54 

19.44 

23.77 

22,49 

3,14 

35.16 

S 

4.35 

34.50 

13.97! 

I 28,49| 

1 16,36 

27.16 

22,20 

j 23.18 

19,54 

1.76 

22,75 

6 

4.65 

20.81 

' U.I2: 

26,07| 

! 18.67 

' 27.93 

21.65 

22.74 



19.40 

7 



8.42 

25.16' 

; 19.40 



22.24 



13.79 

8 



5.87 

1 21.02^ 

! 15.32 



20.24 



11.16 

9 



6.85, 

19.02; 

21.26 



21.50 



9,85 

10 


1 



14.99' 



20.25 



9.60 

11 








18.90 



7.70 

12 


1 





1 

17.42 




13 


i 






17,88 



j 6.42 

Total....' 

28.83 

|l27.09 

1102.24 670. 54 

1148.04 

n75 50 



450,31 

|265.14 

79.80 

15.24 

|ll55.27 


but even toward the end of the leaching period large quantities of phosphorus 
were leaving in the drainage water, 

One may conclude from these results that the long unproductive period 
following the leaching of alkali soil cannot be due to the lack of available 
phosphorus, for the alkali soils are yielding one to five times as much water- 
soluble phosphorus as are productive soils. It is, however, the more easily 
available phosphorus which is being taken from the soil and it is quite possible 
that after considerable leaching and the removal of the greater part of the 
soluble salt the water-soluble phosphorus may be very’ low. J^Ioreover, the 
bacterial activities which lend to render it soluble are low. Hence, for a time 
after leaching alkali soil may be low in easily available phosphorus. 
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The carbonate liberated the largest quantities of phosphorus, the chloride 
less, and the sulfate least. Even the sulfate liberated appreciable quantities. 
If we consider the removed phosphorus from the untreated soil as 100, the 
amount removed from soil treated with sodium sulfate is 355; with sodium 
chloride, 441; with sodium carbonate, 2325; with sodium chloride and sodium 
sulfate, 514; with sodium sulfate and sodium carbonate, 521; with sodium 
chloride and sodium carbonate, 609; and with the mixture of the three salts, 
92. The Benson Ward soil yielded considerably more phosphorus than any 
of the synthetic alkali soils. The other two natural alkali soils yielded smaller 
quantities of phosphorus. This substantiates the theory which was argued 
at some length by the senior author elsewhere (10) — that the beneficial action 
of some common soil amendments is due largely to their solvent action on 
insoluble plant-food and that this is especially marked in the case of the phos- 
phorus. Crops grown on soil treated with chlorides and sulfates often yield 
more heavdly and the phosphorus content of the plant is usually greater than 
where the chloride or sulfate is not added to the soil. Wherever soil is de- 
ficient in available phosphorus this should occur; hence, it accounts for the 
common phenomenon of no increase where chlorides or sulfates are added to 
soil already supplied with available phosphorus. Moreover, these salts often 
exert another effect, that of increased bacterial activity which increases avail- 
able nitrogen since it has been shown that these salts increase ammonification 
(8), nitrification (11), and azofication (12). It is often hard to show that 
there is an increase of water-soluble phosphorus in soil treated with soluble 
salts (7). This, as has been shown elsewhere (10), is often due to rapid me- 
tabolism of phosphorus by the microflora of the soil by which it is changed to 
insoluble organic compounds. This would not, howxver, have occurred in 
this soil since the bacterial activities of the soil have been shown to be 
very materially reduced by these concentrations of salts (9). Therefore, 
the effect which is noted here is due to the direct solvent action of the soil 
solution upon the inorganic phosphates and to the action of sodium carbonate 
upon the organic phosphorus of the soil. However, when the concentration 
of salt is low its stimulating influence upon the microflora would result in 
increased acids which would have an appreciably influence on the soluble plant- 
food of the soil. 


POTASSroM CONTENT OF DRAINAGE WATERS 

Total potassium determinations were made on each fraction of the drainage 
water and the average results are given in table 13. The early leachings from 
all the prepared and natural alkali soils were very rich in potassium as 
compared with non-alkali soil. Of the soils treated with only one salt the 
greatest quantities of potassium were rendered soluble by the chloride, less by 
the sulfate, and least by the carbonate. It is evident that soil such as this 
would respond greatly to soil amendments which would render available large 
quantities of potassium. The mixtures of the salts in all cases were more 
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effective than the single salt. In all of the natural alkali soils large quantities 
of potassium were found in the leachings at first, but it is significant that as 
leaching continued in all the soils the quantity of potassium in the drainage 
water very materially decreased. In some cases very small quantities 
were being removed in the leach waters. These results point strongly to 
the conclusion that the unproductive period following the leaching of alkali 
soil is due, in a measure, to a lack of available potassium. The addition of 
organic matter to such a soil not only causes better tilth but increases bac- 
terial activity, and the increased bacterial activity should result in more 
available potassium. The excess losses of soluble potassium from these alkali 
soils must have been due to a direct solvent action of the salt and not to in- 
creased bacterial action. 

TABLE U 

Potassium leached from synthetic and 7iolural alkali soils 


LEACHWO 

SOIL 

2 PEI 
CENT 

NaCl : 

2 PEE 
CENT 
NasSOi j : 

2 PER 
CENT 
NajCOi 

1 PER 1 
CE.NT 

NaCl 

-1- 1 PER - 
CENT 
NajSO* 

1 PER j 1 PER iO. 
CENT CENT 1 

NaCl INajSOJ 

1- 1 PERi-1' 1 PER 
CENT CE.NT 1 

NarCOjj NajCOij : 

.66 PER 

CENT 

EACH CORINNE 

NaC! SOIL 
'vajSO.4 

Na^CO* 

RICH- , 
LAND ' 
ACRES 
SOtt 

BENSON 

WARIJ 

SOIL 

— 

msfrt. 

msm. 

rngm. 

msm. 

mgm. ' 

msm. 


mgm. 

mgm. 

mgm. 

t»g«. 

1 

65.4 

259.2 

137 .9 

114.91 

269.4 

183,8 

132.21 

270 . 9 | 1965.0 

535 . o | 

266.4 

2 

37 9 

254.8 

68.8 

64.6' 

364.3 

103,8 

153 . o ! 

162.2 

538.0 

253,6 

155.8 

3 

44.7 

17.4 

69.5 

41.3 

80.6 

83.9 

112,0 

59.1 

144.6 

117.5 

99.6 

4 

36 1 

15.1 

35.7 

18,3 

54.3 

52.5 

60.3 

61.9 

117 . 8 ' 

1 158 . 2 i 

: 82.3 

5 

31 .& 1 

13.8 

28.7 

13.1 

44.7 

55 ,4 

64,61 

: 57.3 

90.1 

71.6 

1 57.6 

1 , 

5 

30.5 

2.0 

. 20.7 

1 17 . 5 ! 36.6 

53.5 

62.8 

60.2 


55.8 

48.1 

7 



1 38.1 

1 37.2 

: 16.1 

1 


35.8 



45.3 

g 



14.7 

26 .^ 

28.7 



31.0 



39,7 




10.6 

21 . i 

? 36.1 



23.9 



37.1 









16.1 



38.1 

10 








18.4 



29.3 

n 





1 



20.5 



29,3 

12 





1 



1.5 



13 





1 



.j 

J 

- 

■1 

Total,., 

.| 246.4 

563 .( 

) 423 . i 

3 | 355 . 0 ; 930 . 

8 ' 532 . ‘ 

i 

?! 584 .' 

9 ] 818 . 8 : 2855 . 

51191 .' 

7 | 928.6 


NITROGEN CONTENT OF LEACHINGS 

Determinations for nitrogen were made on composite f ^ 

water. The results given in table 14 correspond to the totals given m premus 

“!!r;v,,y ™ .1.. *“ ITS* 

soil. The sulfate-treated soU yielded nearly twice as ^ 

treated nearly five times, and the carbonate-treated sod nine mu ^ 

the untreated soil. Most of the nitrogen was in the form of ™ "e 

and the weak salt solution, which was a good protein solven , 

quantities. It is significant that the chloride and 

both of which arc hard to leach from the soil and leav e it m . y 


SOIL ftCIBMCi, VOL. TtVI, MO. 8 



422 


J. E. GREAVES, C. T. HIRST AND YEPPA LEND 


tilth, carried out the greater quantity of organic nitrogen. The natural alkali 
soils, except for the Benson Ward soil which contained large quantities of 
nitrates, yielded less nitrogen than most of the synthetic alkali soils. There 
is no relationship between the phosphorus and nitrogen of the soil except 
where sodium carbonate was applied to the soil. This indicates that it is the 
inorganic phosphates which are being rendered soluble and carried from the 
soil by the salts and not the phosphoproteins and nucleoproteins, as was the 
case with sodium carbonate. The phosphorus-nitrogen ratio varied from 1 to 
1.3 in the case of soil treated with sodium chloride and sodium sulfate to 1 to 7.2 
in the soil treated with sodium carbonate and sodium sulfate. 


TABLE 14 

Nitrogen leached Jroiu synthetic and natural soils 


SOIL 

TREATMENT j 

NITROGEN LN 

1 TOTAL 

1 LEACH WATER 



tflim. 


Untreated 

119.8 


2% NaCI 

558.1 


2% XasSO* 

279.3 

College < 

2% Na.CO, 

1% XaCl -h 1% 

2666.2 

498.1 


1% XaCl -i- 1% Xa^COj 

948.1 


17cXa2C03+ U-cNasSO^ 

1096.2 


0.66^c each XaCl, Xa 2 S 04 , NajCOs 

673.6 

Corinne 


334.2 

Richland Acres 


225.0 

Benson Ward ^ 


1267.7 


ORGANIC CARBON CONTENT OF LEACHINGS 

The carbon content of the drainage waters was determined by the chromate 
methods (15). Considerable dilhculty was experienced in obtaining con- 
cordant duplicates and the results obtained were not very satisfactory. 
Table 15 shows that the organic carbon content of the untreated soil was 
quite constant in each fraction of the leach water, but in all the salt-treated 
soil the first drainage water was much richer in carbon than later fractions. 
The salts apparently rendered it soluble so it readily leached from the soil and 
left the soil almost devoid of organic matter. Soil treated with sulfate lost no 
more organic carbon than the untreated soil, whereas soil treated with chloride 
and carbonate lost large quantities of organic matter. 

The carbon-nitrogen ratio was wide in the leach ings of the untreated soil 
and narrow in the alkali soil which indicates that the organic material carried 
away in the drainage water was [iroteinaceous. The black alkali soil yielded 
a drainage water which was very rich in nitrogen as compared with its carbon. 
It probably lost most of its readily ammonifying material and retained cari)on- 
aceous material which would be attacked only slowly by the microflora of the 
soil. 
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RELATIVE AMOUNTS OF PLANT NUTRIENTS LOST BY LEACHING 

That the drainage mter of the prepared alkali soil was rich in valnable 
plant nutrients is brought out in table Ifi in which the losses from the untreated 
soil are taken as 100. 

In three of the salt treatments less magnesia was extracted than in the 
untreated soil, and in one case less carbon was extracted where salt was present. 


TAHLE 15 


C«i<m content and carhm-nilr.gm ,cUo of feafe.pfa,,, ,u n-uunl alkali mk 


soil. 


College 


Corinne 
Richland Acres 
Renson Ward 



1 

1 

CARBCW' 

TKEATMEST 

WRBOS W 

srrgoftF.N 



LEACHWGS 

RATIO d 




LEACHING S 



m^7n . 


Untreateil 


2566 

21.4:1 

2% KaCl 


, 5131 

9.1:1 

2% Xa2S04 


2m 

8.7:1 

2% Xa^COs 


mi ; 

3,5:1 

XaCl + 

1% XaiSOi 

6703 

13,4:1 

1% NaCl -f 

1% XaiCOj 

9176 

9.7:1 

17 c Xa^SO, 

7 l% Xa.C03 

1 9591 

8.8:1 

0,66%. each XaCl, Xa:S 04 , XajCOs 

i 11607 

17.2:1 



762 

2,3:1 



1777 

7.9:1 



16408 

13.0:1 


TABLE 16 


Planl nuirinits k {M(hinpfrom syrJhclic alkali soil 


ELEUF.NT 

UN- 

IXEATED 

SOIL 

SOIL 4- 
2 I'ER 
CENT 

NaCl 

SOIL + 

2 HER 
CENT 

NhjSOj 

50IL + 

2 EFE 
CENT 

N'aiCO, 

SOIL + 

5 I'EK 
CENT 
EACH 

NaCl 

NajSOi 

S0I1 + 

1 PEa 
CENT 
fAca 

NaCl 

NaiCOj 

soil 4- 
1 PES. 
CENT 
EACH 
Ka;S 04 
NajCOi 

soit-(- 

0.66 TEE 
CENT 
EACH 

NaCl 

NajSOi, 

NasCOi 

Calcium 

100 

1637 

.504 

US 

592 

115 

143 

312 

Magnesium 

100 

i 609 

1 367 

39 

i 415 

87 ' 

87 

155 

Phosphorus 

100 

i 441 

355 

2325 

; 514 

i 609 

521 

920 

Potassium 

1(10 

j 229 

172 

^ 144 

! 3TS 

216 

237 

332 

Xilrogen 

100 

j 466 

233 

■ 223 

416 

1 791 

910 

562 

Carbon 

100 

j 200 

; 95 

; 367 

261 

j 358 

374 

j 452 


In all other cases the salt increased the solubility of the tested constituent. 
Twenty-three times as much phosphorus was extracted from soil treated with 
2 per cent of sodium carbonate as was lost from the check. Although roost 
of this phosphorus came from the insoluble phosphates, yet the large quantities 
of carbon, nitrogen, and phosphorus extracted in the presence of sodium 
carbonate makes it appear certain that in this trealmenl much of the organic 
phosphorus is being carried from the soil in the drainage waters. 
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SUMMARY 

The soils used in this work were three natural alkali soils: one in which the 
chlorides predominated, a second in which the sulfates predominated, and a 
third which was heavily charged with sodium carbonate. A productive cal- 
careous silt loam was also used. This was made into an alkali soil by various 
treatments with sodium chloride, sulfate, and carbonate. 

These were leached in 2-gallon jars until the greater portions of the salts 
were removed. The amount of leaching required is given in table 6, 

The natural alkali soil behaved similarly to the non-alkali soil treated 
with a mixture of the salts. Soil treated with sodium carbonate leached 
very slowly and after leaching was in very bad tilth. The soil treated with 
sodium chloride leached more readily than the sodium carbonate soil but was 
slow as compared with the natural soil and remained in a bad physical con- 
dition. The soil treated with sodium sulfate leached rapidly and was left in 
fair tilth. 

Sodium sulfate leached readily from the soil and the first drainage water 
was nearly saturated; 88.8-97.7 per cent of the sulfate was leached from the 
soil. The first water passing through the soil treated with sodium chloride 
was heavily charged with chloride and 71.6-94.5 per cent of the chloride was 
recovered in the drainage water. Soil treated with sodium carbonate leached 
very slowly; toward the end in one case the rate per hour was one cubic 
centimeter containing only 0.07 mgm. of sodium carbonate. From 21.6 to 
66.9 per cent of the added carbonate was recovered in the leach water. It 
was therefore impossible by the leaching process to free a column of soil one 
foot in depth and provided with ideal underdrainage from sodium carbonate 
to such an extent that crops would grow upon it. This was due to two factors: 
(fl) Sodium carbonate breaks down the structure of a fine-grained soil to such 
an extent that it is rendered almost impervious to water; (6) the sodium 
carbonate is held so firmly by the colloidal material that it cannot be washed 
out by water. 

From 1.2 to 16.4 times as much lime was leached from alkali soil as from 
normal soil which shows that the various salts greatly increased the solubility 
of calcium. This effect was least in the case of sodium carbonate and greatest 
in the case of sodium chloride. From 0.4 to 6 times as much magnesium was 
leached from treated soil as from untreated soil. The order of solubility is 
the same as that of lime. The order with which the two ions, calcium and 
magnesium, leave the soil make it possible for some soils to be left after leaching 
with a toxic lime-magnesium ratio and it is probable that at times the addition 
of lime to a drained alkali field benefits the soil in two ways, (a) by improving 
the tilth due to the flocculant action of the lime and (b) by causing a productive 
lime-magnesia ratio. 

From 3.6 to 23.3 times as much phosphorus was leached from the treated 
soil as from the untreated soil. This excess was greatest when sodium carbon- 
ate was added to the soil and least when sodium sulfate was applied. Most of 
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it was due to the direct action of the salt on the insoluble inorganic phosphorus 
of the soih However, a study of the carbon-nitrogen-phosphorus content of 
the drainage waters from soil treated with sodium-carbonate indicated that 
considerable quantities of organic phosphorus were carried out in the drainage 
waters of the soil treated with sodium carbonate. 

The potassium content of the treated soil was 1, 5-3.8 times as great as that 
of the untreated soil. The greatest quantity was found in the leachings from 
soil treated with sodium chloride and least in soil treated with sodium car- 
bonate. 

The nitrogen content of the treated soil after leaching was 2.2 to 9.1 times 
that of the untreated soil and the carbon content, 1 to 4.5 times. This 
difference in losses shows that proteinaceous material was rendered soluble. 

The results substantiate the theory argued by the senior author in a former 
p^pej-_that soil amendments often make more plant-food soluble, especially 
phosphorus and nitrogen. 

The results make it appear likely that the long unproductive period following 
the drainage of alkali soil is caused by {a) the leaching of much of the readily 
available plant-food which makes necessary a period of weathering before 
sufficient plant-food is available for crop production, (b) the poor state of tilth 
of the drained soil and sometimes (c) a toxic lime-magnesia ratio. 
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A slight change in the method of handling the aliquot samples of drainage 
water from the Cornell lysimeters has resulted in the analysis of the percolates 
for total solids at various times during the year. It is the purpose of this 
paper to present the concentration of the leachingsfrom certain of the planted 
and unplanted lysimeters, over a period of three years. The results from eight 
of these will suffice to show the effect that plants have had on the concentra- 
tion of the percolated water from two distinct tjqies of soil. 

Since the lysimeters and the soils with which they are filled have been fully 
described by Lyon and Bizzell (i, 2), it will not be necessary to repeat their 
descriptions here. 

Six of the eight lysimeters selected were filled with Dunkirk clay loam soil in 1909. Two 
of these have been kept free of vegetation, two in grass continuously, and two have been 
planted to a five-year rotation of maize, oats and wheat followed by two years of hay. One 
of each of these three pairs of tanks has received an application of burnt lime at the begin- 
ning of each rotation and all of them have received farm manure. Results from two of the 
lysimeters filled w'ith Volusia silt loam soil are also presented. One of these has been kept 
bare while the other has been cropped to the rotation already cited. These tanks were 
filled in 1910 ami they have received applications of burnt lime and farm manure. These 
treatments are summarized in table 1. 

Numerous experiments have been conducted in various ways in an attempt 
to deteniiine the concentration of the soil solution and the extent to which it 
is affected by growing plants. The literature on this subject has been reviewed 
rather fully by Stewart (3) who came to the conclusion that the results which 
have been obtained are contradictory in nature. In analyzing water extracts 
of thirteen soils of two different types for certain of its constituents through 
two seasons, Stewart found that during the second season there were notable 
differences between the concentrations from cropped and uncropped sod, the 
latter being more concentrated. He also found that there were large differ- 
ences between the soluble nutrients present in the extracts from uncropped 

^"^The writer has found the conclusions drawn by Stewart regarding the greater 
quantities of nitrates, calcium, potassium and magnesium intde extracts 
from cropped and uncropped soils, made at various times t rou^, ou 
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to hold for the concentration of soluble material in the percolates from soil 
tanks. 


TABLE 1 

Treatment of soil in lysimeters 




TREATMENT OE 50TL 


TANK 

SOIL 




Fertilizer 

Lime 

Crop 

3 


] 

f 

Rotation 

4 


^ Farm manure 

None \ 

Grass 

6 

Dunkirk clay loam 

1 

1 

None 

7 


1 


Rotation 

8 


‘ Farm manure ■ 

Burnt Ime 

Grass 

10 




None 

15 

16 

1 Volusia silt loam | 

1 Farm manure 

Burnt lime s 

i i 

Rotation 

None 


^ TABLE 2 

Average percolation concentration and loss of soluble material from planted and unplanted 
lysimeters , filled uith Dunkirk clay loam soilffrom May 1920 to May 1, 1921 


TANZ 

SOIL 

j DRAINAGE WATER 

SOLIDS REMOVED 

TOTAL 

DRAINAGE 

i 

1 

May 1-Dcc. 1 ; 

1 

Dec. l-Mar. 15 

Mar. 15-May 1 

Average tor 
two tanks 

Per acre 

TREATMENT 

Amount 

Concen- 

tration 

Amount 

Concen- 

tration 

Amount 

Concen- 

tration 



lifers 

p.p.m. 

liters 

p.p.m. 

liters 

p.p.m. 

tm. 

ibs. 

liters 

3,7 

Maize 

119 

358 

1 187 

290 ' 

69 

332 ; 

120 ' 

660 ' 

375 

4,8 

Grass 

1 no 

441 

1 163 

358 

80 

372 

137 

751 

353 

6, 10 

Bare 

378 

512 

185 

406 

' 78 

474 

305 

1,677 

641 


TABLE 3 

Average percolation, concentration and loss of soluble material from planted and unplanted 
lysimeters, filled with Dunkirk clay loam soil, from May 1, 1921 to May 1, 1922 


TANK 

SOIL 

TaEATMENT 

i DRAINAGE W’ATER 

SOLmS REMOVED 

TOTAL 

DRAINAGE 

I May I-Dec. 1 

Dec. l-Feb.24 

Feb. 24-May 1 

Average for 
two tanks 

Per acre 

1 1 
< 

1 n I 
C.2 

d 2 

o " 

U 

Amount 

Concen- 

tration 

Amount 

Concen- 

tration 



liters 

p.p.m. 

, 1 
liters 

p.p.n. ' 

liters 

p.p.m. 1 

|«. 


liters 

3, 7 

Oats 

96 

315 

88 

256 

274 

251 

122 ' 

668 

358 

4,8 

: Grass 

159 

389 

92 

303 

296 

277 

172 ' 

944 

547 

6, 10 

Bare 

303 , 

564 

115 

471 

1 

275 

581 

385 

2,120 

693 


The concentrations of the drainage water from the lysimeters containing 
Dunkirk clay loam soil are shown in tables 2 , 3 and 4. Each table presents 
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the results for a single year and for different periods during the year The 
Se dan^rirt dependent on the flow from 

renLt f ‘>>6 ^erage con- 

centation of percolates, expressed in parts per million of soluble material, from 

die bare soils ts considerably higher than that from the soUs which have been 

ma wt^t 

, 1 , the concentration of the drainage water from the bare soil greater 

than that from the planted soU during the growing period of the plant but it 
• continues to be greater year after year for each period shown in the tables 
It IS interesting to note that the point of lowest concentration for the bare 
soil percolates each year is greater than the highest concentration for the soil 
planted to a crop rotation. 


TABLE 4 

A,,rag, MMoh concenlntim and loss of sclutk motorhl fro,n planted and unphnM 
iysirmters, filled -with Dunkirk clay loam soiljrom May i, 11122 to May 1, 1923 


TA«j: 

SOtL 

THEATltBNT 

DRAINAGE WATER j 

May 1-Sept. 1 | 

Sept. 1-Mar. I 

! Mar. 1-May 1 

i 

Amount 

=1 

i 

0 1 
u 

Amount 

1 

Concen- 

tration 

Amount 

Concen- 

tration 



Uteri 


1 liters 

P Aw. 

[ liters 

I p.p.m. 

3,7 

Wheat 

139 

244 

i 113 

276 ; 

1 249 1 

1 226 

4,8 

Grass 

175 ' 

352 ! 

119 

I 325 1 

; 279 

234 

6, 10 

Bare 

i 336 

562 

1 103 

1 481 ' 

; 267 i 

342 


SOLIDS RRIIOVXD 

— — _ 

II 
^ 0 


TCTAl 


DRAINAG® 

< 

£ 


i 

gm. 

lbs. 

liiets 

121 

' 667 

SOI 

166 

910 

673 

330 j 

1,813 

706 


After the crop is removed from the planted tanks and with the retarded 
drainap of^thc winter months and often its entire absence for several weeks 
at a time, it would seem that the concentration of the leachings from the 
cropped soil would be relatively higher as compared with that for the leachings 
from the bare soil because of the opportunity in point of time for an equilib- 
rium adjustment between the soil material and the soil water. If such an 
adjustment occurred it most likely would be reflected in the early spring 
drainage. The absence of such an adjustment is clearly shown by the wide 
differences in the concentration of tlie water from the cropped and bare soils 
for the periods which include the months of March and April. This is in 
accord with the findings of Hoagland (4) who has presented evidence to oppose 
the theory that there is an immediate restoration of equilibrium when the soil 
solution is depleted of its soluble material by the plant or other agency. The 
data given here would tend to prove that this equilibrium is never reached as 
long as a crop is allow'ed to grow on the soil for a portion of each year. 
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The nitrate nitrogen is always more concentrated in the drainage from the 
bare soil than in that from the cropped soil. This fact suggests that the 
greater concentration of total solids in the percolates from the bare soil during 
the early spring might be attributed to a greater solvent action due to this 
greater nitrate concentration. However, when the average concentrations 
of nitrate nitrogen in the teachings from the bare and cropped soils were 
calculated to calcium nitrate and these values subtracted from the total 
concentrations of the water for the corresponding soils, the resulting figures, 
wliile slightly lower and farther apart than the ones appearing in the tables, 
showed the percolates to be of the same relative strengths. 

Lyon and Bizzell (1) have found that cropping this soil conserved an 
amount of calcium much greater than the combined conservations of mag- 
nesium, sulfur, sodium and potassium. Since phosphates and carbonates are 
never present in quantities large enough to be of any importance, and since 
bicarbonates are of about equal strength in the leachings from the cropped and 
uncropped soils it would seem that most of the nitrate radical would be asso- 
ciated with calcium. In view of these facts the calculation as made above 
appears justified. 

The tables also show that the concentrations of the percolates are more or 
less independent of the amount of water which passes through the soil. Irre- 
spective of the quantity of drainage from the several tanks, the concentration 
of that from the bare soil is always highest, that from the soil planted to a 
crop rotation always lowest, while that from the tanks which are in grass 
continuously is intermediate. Since the volume of water passing through 
the tanks is not the determining factor of its concentration it is probable that 
the soils have reached a stage where a somewhat definite quantity of soluble 
material is relinquished to the movable water through them and that this 
quantity is liberated regardless of whether the normal precipitation, which 
the lysimeters receive, permeates them quickly or slowly. 

In most cases the concentration of the percolates are seen to decrease as the 
seasons progress from the month of May but they regain their former strengths 
with each succeeding year. 

The analyses of the drainage from the Volusia silt loam soil are given in 
tables 5, 6 and 7. It will not be necessary to point out the facts revealed in 
these tables l)eyond the statement that they serve to substantiate the con- 
clusions that have been drav.m from the Dunkirk clay loam soil. It may be 
added, however, that the concentrations of the percolates from tiie last named 
soil are higher than those from the Volusia silt loam. 

The collective data from the two soils here presented bring out two points 
rather conclusively: first, that the concentration of the percolates from the 
lysimeters is not de])endent on the quantity of water leaching through the 
soils; and second, that the different soil treatments result in bringing ai)out 
a condition within the soils which causes them to liberate their soluble material 
in a more or less characteristic way. 
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It is quite possible that the colloidal material in the soil and the water film 
which is in intimate contact with the soil particles relinquish a rather definite 
proportional share of their soluble material to that portion of the soil water 


TABLE 5 

Percolation, concentration and loss of soluble material from planted and unplanted lysimeiers, 
filled iiith Volusia silt loam soil, from May 1, 19Z0 to May 1,1921 


TAKE 

SOIL 

TREAT' 

MENT 

DRAINAGE WATER j 

SOLTCS REMOVED j 

TOTAL 

DRAINAGE 

May 1-Scpt. 1 

Sept. 1-Dec. 1 

Dec. I'Mar. 15 

Mar. 1, 

5 -May 1 

From tank 

Per acre 

c: 

j Concen- 
t ration 

Amount 

Concen- 
tration j 

1 Amount i 

1 

p.l j 

0 

u 

e 

0 1 
£ 

< 

Concen- 



Uteri 

p.p.m. 

liters 

p.p.m. 

tilers 

p.p.m. 

liter. J 

p.p.m. 

gw. 

/Jr. 

liters 

15 

Maize 

158 

261 

277 

243 

247 

234 

127 

249 

198 

1,089 

809 

16 

Bare 

183 

482 

184 

441 

181 

317 

92 

322 

256 

1,408 

640 


TABLE 6 

Percolation, concentration and loss of soluble niaterial from planted and unplanted lysimeters, 
filled uith Volusia silt loam soil, from May 1, 1921 to May 1, 1922 


TANK 

SOIL 

TREAT- 

MENT 

DRAINAGE WATER 

SOLTDS REMOVED 

TOTAL 

DRAINAGE 

Aiay I-Oct. 1 

Oct. 1 

-Dec. 1 

Dec. 1 

Feb. 2i 

Feb. 21-May 1 

From tank 

Per acre 

Amount 

Concen- 

tration 

Amount 

Concen- 

tralion 

.Amount 

Concen- 

tration 

Amount 

, 

§ ° 
c ^ 

0 

u 



liters 

p.p.m. 

liters 

p.p.m. 

liters 

p.p.m. 

liters 

p.p.m. 

Sm. 

lbs. 

liters 

15 

Oats 

130 

254 

331 

240 

273 

212 

448 

205 

262 

1,442 

j 1,182 

16 

Bare 

205 

390 

295 

429 

299 

250 

441 

279 

404 

2,223 

1 1,240 


TABLE 7 

Percolation, con-centra tion and loss <f soluble material from planted and implanted lysimelers 
filled U'ith Volusia silt loam soil, from May I, 1922 to May I, 1923 


TANK 




DRAIN A 

L WATER 


-May 1 

SOLIDS SEMOVTD 

TOTAL 

DRALNAGE 

SOIL 

TREATMENT 

May I -Srpt. 1 

Sept. I 

-Mar. 1 

Mar. I 

From tank 

Per acre 

Amount 

. c 
C.S 

d 

Amount 

-uaDUo;) 

Amount 

1 ^ 

C.2 

0 

U 



liters 

p.p.m. 

liters 

! p.p.m. 

/j>rJ 

pp.m. 

gm. 

/iJ. 

liters 

15 

Wheat 

458 

248 

431 

24i 

345 

182 

281 

1,545 

1,234 

16 

Bare 

564 

376 

358 

1 282 

285 

225 

377 

2,074 

1,207 


which is free to move. This assumption would help to explain why the 
concentration of the soil solution, as measured by Bouyoucos and McCool 
(5) and others, differs from that ordinarily found in soil extracts and in the 
drainage water from lysimeters. 
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The actual changes in several important respects which a soil undergoes 
in passing from a virgin to a depleted condition have not been investigated 
to any great extent. 

It is quite generally conceded that the supply of available plant food ele- 
ments as well as the content of organic matter is materially decreased as a 
soil becomes “worn out.” A number of cases have also been reported in 
which the total amounts of phosphorus and calcium have been reduced. 

So far as the writer is aware, however, little information is at hand regard- 
ing the relative rate of change in the concentration of the soil solution of 
depleted and virgin soils when they are maintained at a given moisture con- 
tent and temperature for various periods. The composition of solutions so 
obtained is unknown as well as the relative ability of virgin and badly run 
down soils to repeatedly give up solutes when the material in solution is re- 
moved by washing. The role of organic matter in maintaining the concen- 
tration of the soil solution is also uninvestigated. It is the purpose of this 
paper to throw some light on these questions and to set forth any relation- 
ships found to exist between the amounts of various plant food elements 
going into solution from a number of soils upon standing different lengths of 
time at different moisture contents, and the increase in plant growth result- 
ing from addition of these elements. 


REVIEW or LITERATURE 

McCool and Millar (3) determined the rate of formation of soluble material in several 
virgin and the corresponding depleted soils by means of the freezing point method. In 
general the concentraUon of the soil solution of the virgin sods was much greater than that of 
the cropped soils after a ten-day period at 25''C. At the expiration of thirty days, however, 
the difference had largely disappeared. A decrease in moisture content and a lower tempera- 
ture also tended to decrease the difference in rate of solubility. 

* Abstract of a thesis submitted at the University of Wisconsin in partial fulfillment of Ae 
requirements for the degree of Doctor of Philosophy. Published with the permission of the 
Director of the Wisconsin Agricultural Experiment Station. 

« The writer desires to express his appreciation to Prof. E. Truog for many helpful sugges- 
tions and criticisms. 

•Associate Professor of Soils, Michigan Agricultural College. 
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Millar (S) reported a correlation between the difierence in rate of solution of several 
depleted and virgin soils and the observed differences in productiveness. The samples were 
washed on ordinary filters to remove the major portion of the soluble salts before placing in the 
constant temperature chamber. This procedure reduced the tendency, previously reported, 
for the concentrations of the solutions to decrease as the period of contact was prolonged. 

Shedd (8) found the total phosphorus and that soluble in 0,2 N HNOs to be greater in seven- 
teen virgin soils than in the corresponding cropped samples. 

As the result of a careful study of the phosphorus content of nine soils which had been 
under cultivation for 40-d0 years and of corresponding virgin soils Whitson and Stoddart 
(12) report large losses as the result of cropping with the exception of one case. Other soils 
which had received large amounts of manure during cultivation of 30-62 years showed large 
increases in phosphorus content in a number of cases, but more than half of these contained 
more phosphorus in the virgin than in the cropped and manured samples. 

Shedd (9) divided the soils of Kentucky into areas on a geological basis and determined the 
total calcium and that soluble in 0.2 N IINOs and in carbonated water in samples of cropped 
and virgin soils from each area. In the large majority of cases each method showed more 
calcium in the virgin than in the cropped soils. 

Swanson and Miller (10) report the analyses of samples from long cropped areas and areas 
in native blues tern hay or buffalo grass pasture from several types of Kansas soils. In only 
two cases, however, were the cropped and virgin samples taken from areas in close proximity. 
The data for the two comparable soils show a decided loss in sulfur, nitrogen and carbon as a 
result of cropping. One shows a gain in phosphorus, one a loss of potassium and both a gain 
in calcium. An average of the data for all the soils shows a marked decrease in sulfur, nitro- 
gen and carbon content and an increase in potassium and very little change in phosphorus 
and calcium. As a whole the results are rather unusual. 


COLLECTION OF S,A.MPLES 

The samples in general represent the surface stratum 6 to 7 inches in depth. In some cases 
the sampling extended to the depth of the darker colored surface soil which in some virgin 
timbered soils was less than 6 inches while in some sandy cultivated soils it was more. 

Two samples were taken from every soil. One from a field which had been under cultiva- 
tion for a considerable period of years and had decreased more or less in productivity. The 
other was taken from a piece of woodland or from an old line fence row which was only a 
short distance from the site of the first sample. The first sample is designated as cropped or 
depleted while the latter is referred to as the virgin or uncropped soil. Thus the two samples 
represent the same soil type, the only difference between them being the changes resulting 
from the growth and partial removal of common farm crops, in one case, and from the growth 
without removal of more or less virgin vegetation in the other. 

The samples were taken to the laboratory, air-dried and passed through a 2 mm. screen 
to remove pebbles and the coarser organic material. They were then stored in suitable 
containers until utilized in the laboratory experiments. 

The soils studied were collected from six counties in Michigan and include eleven silt loams, 
seventeen sandy loams, five loams, thirteen loamy sands, and two clay loams. They repre- 
sent the predominating soil types in the counties sampled. 

RATE OF SOLUTION OP VIRGIN AND CROPPED SOILS 

The first part of the work was devoted to the study of the rate of increase 
in concentration of the soil solution when the samples were washed practically 
free of soluble sails and then maintained at a uniform temperature with a 
water content slightly above saturation. 
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TABLE i 


Rate of soluhon of vifgin and cropped soils expressed as freezing point depressions 


SOIL 

KTJMBER 


CONDITION 



DAYS JiAKflAINED AT 25“C. 



0 1 1 

1 Z 1 6 1 10 1 20 1 

' 40 1 

' 60 


Silt loams 




" C , 

" C . 

“ C . 

“ C . 

r . j 

V ’. 

“ C . 


■{ 

Cropped 

0,001 

0.001 

0.009 

0.011 

0.012 

0.013 

0.026 

0.033 

Virgin 

0.004 

0.004 

0.010 

0.020 

0.040 

0.043 

0.074 

0.081 

2 1 

Cropped 

0.000 

0.009 : 

1 0.010 

0.013 

0.026 

0.029 

0.038 

0.017 

' 1 

Virgin 

0.000 

0.009 

0.013 ; 

0.024 

! 0.052 

1 

0.064 

0.059 

0.045 

6 ( 

Cropped 

0.000 

0.003 

0.004 

0.009 

1 

! 0,007 

0.020 1 

0.032 

0.022 

' 1 

Virgin 

0.000 

0.009 

0.013 

0,020 

0.042 

0.053 

0.060 

0.041 

, / 

Cropped 

0.000 

0.005 

' 0.005 

0.010 

j 0.010 

0.020 

0.043 

0.023 

^ 1 

Virgin 

1 0.000 

1 0.009 

j 0.013 

0.020 

1 0.042 

0.053 

0.060 

j 0.041 


Sandy loams 


u f 

Cropped 

0.000 

0 001 

0.003 I 

0.012 

0.028 I 0.025 

0.000 

0,009 

14 ! 

Virgin 

0.000 

0.002 

0.008 

0.015 

0.029 ' 0.021 

i 

0.013 

0.015 


Cropped 

0.000 

0.001 

0.003 

0.006 

0.012 I 0.020 

0.010 

0.012 

IS 1 

V''irgin 

0.000 

0.001 

0.021 

0.034 

0,045 ' 0.049 

0.021 

0.025 


Cropped 

0.000 

0,002 

0.004 

0.008 

0.010 1 0.006 

0.012 

0.013 

16 1 

Virgin 

0.001 

: 0.001 

0.009 ; 

1 0.021 

0,039 0.045 

: 0.056 ' 

; 0.041 


1 Cropped 

o.ooo 

■ 0,003 

' o.on 

: 0.011 

1 1 

0,007 i 0.051 

1 0.071 

' 0.057 

IS 1 

i Virgin 

0.000 

: 0.006 

! 0.013 

1 

0.025 

0.030 : 0.079 

1 0.070 

1 

, 0.052 


i 

Cropped 

0.000 

0.001 

0.006 

0.013 

0.025 : 0,041 

0.066 

1 0.036 

21 i 

1 

Virgin 

i 0.000 

^ 0.007 

i 0.012 

0.022 

0.030 ' 0.050 

: 0.077 

: 0.078 


Loamy sands 


2 S 1 

Cropped 

Virgin 

0.000 

0.000 

0.001 
0 . 008 : 

0.002 

0.003 

0.003 

0.023 

0.015 

0.030 

0.015 

0.033 

0.010 

0.026 

0.007 

0.027 

30 1 

Cropped 

Virgin 

0.000 

0.000 

0.001 

0.009 

0.002 

0.018 

0.002 

0.029 

0.004 

0,039 

0,009 

0.049 

0.016 

0,054 

0.009 

0.044 

31 { 

Cropped 

Virgin 

0,000 

0,000 

0.001 

o.on 

O.OOl 

0,019 

0,001 

0.035 

0.002 
j 0,043 

0.001 

0.063 

0,006 

0.067 

0.001 

0.054 

33 1 

Cropped 

Virgin 

0,000 

0.001 

0.001 

0.002 

0.001 

0,003 

0.001 

0.010 

0.002 

0.011 

0.002 

0.013 

0.002 

0.023 

0.002 

0,012 
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TABLE 1 — Continued 


son 

COKomON 

DAYS MAIKTAINID AT 25®C. 

NUIOEK 


1 « 1 

1 

1 2 1 6 1 10 1 20 

40 1 

60 


Loams 



“C. 

°c. 

®c. 

*c. 

*C. 

*c. 

•c. 

•c 

Cropped 

0.000 

0.002 

0.008 

o.ou 

0.020 

0.029 

0.035 

0.037 

Virgin 

0.000 

0.002 

0.011 

0.020 

0.027 

0.028 

0.030 

0.033 

Cropped 

0.000 

0.007 

0.010 

0.018 

0.020 

0.030 

0.035 

0.020 

Virgin ! 

0.000 1 

0.011 

0.019 ! 

0.033 

0.046 

0.055 

0.068 i 

1 

0.059 

Cropped 

0.000 

1 0.001 

0.001 

0.004 

O.OU 

0.012 

0.027 ' 

0.030 

Virgin 

i 0.000 

0.012 

0.015 

0.030 

0.040 

0.060 

0.059 ; 

0.041 


It was decided to use the freezing point method of Bouyoucos and McCool 
(2) since this permitted rapid determination of the concentration of the soil 
solution directly in the soil without necessitating discarding the sample. 

The procedure was as follows: 


About 60 gm. of the air dry sample was placed in an ordinary filter and washed with dis- 
tilled water until practically free of soluble material as indicated by the freezing point method. 
After draining for an hour or so the soil was removed and thoroughly mixed by stirring in a 
tumbler. Samples were placed in freezing point tubes which were then stoppered and 
placed in a constant temperature chamber at 25°C. This procedure left the samples with a 
moisture content such that after settling, a column of water from an eighth to a quarter of an 
inch deep appeared above the soil. This condition was considered much more comparable for 
the different soil classes than the method of adding a given volume of water to a definite weight 
of soil. 

The tubes were taken from the chamber every week or ten days during the period of the 
experiment, the stoppers removed and the contents thoroughly stirred to allow the escape 
of any gases which might have formed. 

Freezing point determinations were made immediately after the samples were washed and 
placed in the tubes and at frequent intervals thereafter. The freezing point depressions for 
representative samples are presented in table 1. 


The data show that the virgin soils possess the power of giving up soluble 
material at a greater rate than the corresponding cropped soils. The diver- 
gence between the cropped and virgin samples in this respect is quite variable 
as would be expected since the degree of depletion in the different soils is 
quite different. 

In most cases the greatest concentration obtained was considerably higher 
in the case of the virgin than of the cropped samples. 

The tendency exhibited principally by the heavier soils to reach a maxi- 
mum concentration of solution after 2(M0 days and then decrease is undoubt- 
edly due in part at least to the action of anaerobic organisms. It also seems 
highly probable that as hydrolysis and solution proceeded, changes may have 
occurred which resulted in precipitation of some of the dissolved salts. The 
possibility of adsor|)tion should also be considered. 
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SOLUBILITY OP SUBSOILS FROM CROPPED AND VIRGIN AREAS 

The finding of such a decrease in rate of solubility of surface soils as a 
result of continuous cropping at once suggests the question as to what effect 
depletion has on the solubility of the lower stratum or subsoil. To gain some 
information on this point a few subsoils were washed free of soluble salts, 
placed in freezing point tubes and maintained at 25°C. as outlined above. 
The freezing point depressions found at different times during the period of 
the experiment are shown in table 2, 

It is surprising to note that these data show no appreciable difference in 
the rate of solubility of the subsoils from the depleted and virgin soils. In 
fact the solubility of all the samples is very slight. This agrees with the 
results of McCool and Millar (4) who determined the rate of solubility of 
subsoils collected from regions of great diversity of climatic conditions and 
found with few exceptions, a very low rate of solution. 


TABLE 2 

Rate of solution of virgin and cropped subsoils expressed as freezing point depressions 



CONOTHO)^ 

DAYS MAINTAOfED AT 25®C. 

SOIL CLASS 


0 

1 

5 ' 

20 

40 

00 

Very fine sandy / 
loam \ 

Cropped 

Virgin 

=C. 

0,000 

0.000 

X. 

0.001 

0.002 

X, 

0.002 

0.003 

X. 

0.002 

0.002 

X. 

0.002 

0.002 

X. 

0.000 

0.000 

Sandy loam | 

Cropped 

Virgin 

0.000 

0.000 

0.000 

0.003 

0.004 
! 0.008 ; 

0.006 

0.012 

0.009 

0.010 

0.006 

1 0.007 

Silt loam | 

Cropped 

Virgin. 

0.000 , 
0.000 

0.001 

0.004 

0,003 

0.006 

0.001 

0.002 

0,002 

0.003 

0.000 

0.004 

Silt loam | 

Cropped 

Virgin 

0.000 

0.000 

0.000 

0.000 

0.004 

0.013 

0.007 

j 0.020 

0.006 

0.021 

0.007 

0.018 


RELATIVE ABILITY OF CROPPED AND VIRGIN SOILS TO RENEW THE CON- 
CENTRATION OF THE SOLUTION AFTER REMOVAL OF SOLUBLE 
SALTS BY WASniNG 

Bouyoucos (1) lound that soils maintained at SST. had a more 
of solubility ton at room temperature, A prelimmaiy eTpenment by to 
writer showed that soils washed free of soluble salts 

SOT with a moisture content slightly above saturation develop a rater 
hig^concentradon of solution after forty hours. The ^ 

showed a greater concentration than the 

was deemed proper, therefore, to use this temperature and period of contact 
in the present experiment. 
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The soils were washed free of soluble salts on filters as previously described; 
then thoroughly mixed and quite large samples placed in freezing tubes. The 
tubes were stoppered and placed in the oven at SOT. for forty hours, after 
which the freezing point depressions were determined and the soil again 
washed free of salts on small porcelain filters. The samples were made up to 
the proper moisture content and again placed in the oven for forty hours. 
This procedure was repeated several times. The data are presented in 
table 4. 

TABLE 4 


Relative ability of cropped and nr gin soils to give up soluble material after successive washings 
to remove soluble salts shown by freezing point depressions 


soa 

COKDITTON 

FJRST PERIOD 

SECONTJ 

PERIOD 

riijRD 

PERIOD 

FOURTH 

PERIOD 

FIFTH 

PERIOD 

Fine sandy loamj 

Cropped 

Virgin 

“C. 

0.011 

0.032 

X. 

0,008 

0,016 

X. 

0.010 

0.020 

X. 

0.008 : 
0.016 

X. 

0.007 

0.027 

Silt loam | 

Cropped 

Virgin 

0.011 
0.028 ' 

0.002 

0.019 

0.008 

0.025 

0,004 

0.020 

0.007 

0.017 

Sandy loam | 

Cropped 

Virgin 

0.025 
0.030 ' 

0.013 1 
0.014 

0.013 1 
0.021 ' 

0.013 I 
0.025 ' 

1 

Loamy sand | 

Cropped 

Virgin 

0.019 

o.cm 

j 

0,001 

0.021 

0,004 ' 
0.022 

1 

0.002 

0.018 

0.001 

0.020 

Sandy loam ( 

Cropped ' 
Virgin 

0.014 

0.027 

0.003 

0.011 i 

1 1 

' 0.002 ! 
O.OU 

0.003 

1 0.008 

0,005 

0,013 

Silt loam 1 

Cropped 

Virgin 

0.025 

0.038 

O.OOS 

0.018 

O.OOS 
0.016 1 

j 

: 0,006 
: 0.014 

i 0.013 

1 0.018 

Loamy sand | 

Cropped 

Virgin 

0.007 

0.030 

0.001 

0.013 

0.000 

0.012 

0.001 

O.OlO 

0.002 
i 0.015 

1 


The results show that after the material going into solution during the 
first period is removed the depleted soils show only a feeble power to give up 
salts. It is interesting to note^ however, that the concentration produced 
at each successive incubation is practically the same. This is in accord with 
the general observation that a soil will decline to a certain slate of depletion 
and then continue to produce about the same yield from year to year. The 
productivity may, therefore, be taken as a measure of the rate of weathering 
of the less readily attacked minerals or the rate at which they give up soluble 
salts. 

The virgin samples also show a decreased ability to give up soluble salts 
after the removal of the material liberated during the first period of incuba- 
tion. Like the depleted sample the solutions also attain approximately the 
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same concentration at each succeeding incubation. The striking fact is that 
the concentration reached each time is much higher than is that of the cor- 
responding depleted sample. This fact would lead one to predict the dif- 
ference in productivity which exists. 


EPEECT OJF REMOVAL OE ORGANIC MATTER BY OXIDATION WITH HYDRO- 
GEN PEROXIDE ON SOLUBILITY OF CROPPED AND VIRGIN SOILS 


Peterson (7) found that oxidation of the organic matter of surface soils 
with hydrogen peroxide resulted in an increased amount of phosphorus, iron, 
and aluminum soluble in 0.2 N HNO 3 but not of calcium or manganese. 
Treatment of subsoils showed no increase in the solubility of phosphorus. 
His conclusion was that phosphorus, iron, and aluminum are held in organic 
complexes and that the mineral particles of the soil are not affected by the 
oxidation process. It was decided, therefore, to determine the effect of 
removal of the organic matter by this method on the rate of solubility in 
water of the soils under consideration. 

The procedure followed was to place 60 gra. of soil in an Erlenmeyer flask 
and add sufficient 3 per cent chemically pure peroxide to cover the soil. The 
contents of the flasks were thoroughly agitated every few hours and when 
the action had ceased enough 30 per cent peroxide was added to restore the 
liquid to approximately 3 per cent strength. When no further reaction was 
visible at room temperature the flasks were placed in a water bath at 30 C, 
and the above procedure repeated until practically all the organic matter 
was destroyed. The soils were now washed on niters with distilled water to 
free them of soluble materials after which they were thoroughly mixed and 
samples placed in freezing point tubes. These samples were maintained at 
30°C. and freezing point determinations made after periods of 3, 7, 21 and 35 
days. As controls, samples of the soils were given the same treatment as 
just outlined excepting that the peroxide was omitted. The data are found 


These results are very significant. In no case does the soil from which e 
organic matter has been removed show a lower rate of solubility than the- 
corresponding untreated sample. On the other hand three of the soils show 
a distinctly higher rate of solubility and others a tendency for greater a.lu- 
biiity when the organic matter is removed. This would seem to mdicate 
that die organic matter, in place of being either the source o 
or the liberating agent, in reality retards the liberation of soluble salts. This 
seems plausible since the so-called humus is known to form a 
the mineral particles and this may act as a protecting agent. I" 
scopical examination of some of the soils before and after “ 
peroxide showed the mineral particles to he much lighter " " ^ ^ 
samples. It must be recogniaed, however, that the f f ® 
before removal of the organic matter may come arge of the 

material while after the removal of the organic coaUn„ 
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mineral particles are exposed which have an even greater rate of solution. 
This is comparable to the finding of a decreased lime requirement of soils 
as the result of grinding. 

The difference in rate of solubility between the cropped and virgin samples 
from which the organic matter had been removed was generally greater after 
the removal of the organic matter than before. This is very interesting 
inasmuch as it discredits the view occasionally expressed that soil depletion 
consists primarily in the loss of the major portion of the organic matter. 

TABLE s 

Efeci of removal of organic matter ly FjOj on the rate of solution of cropped and virgin soils 
shown by freezing point depressions 


Sandy loam 


Silt loam 


Fine sandy loam' 


Loamy sand 


Cropped 

Virgin 

Cropped 

Virgin 

Cropped 

Virgin 

Cropped 

Virgin 


'C. *C. "C. 

j0.ooo|o.oooo.ooo| 

io.oooio.ooa'o.oos 


DAYs',JCAIKTAmED AT 30*C. 


'C. 

lo.oosj 

0.006 


"A 


"C. 

;0.004| 

:o.oo7 


“C. I "C, 
;0.017p.005j 
iO. 023 0.030 


'C. 

!0.035| 

0.031' 


0. 000 0. 000 o.oisp. 0170. 022p.028p. 0440.044 
0.002p.000'o.020p.018p.026p.057p.049 0.075 

0.0030.0100.0180,0200.0190.0180.0340.038 
0.005 0.000 0.0180.0240,022 0.0610.0460.056 


0 .000 0 .OOOp .000 0 .009p .003 0 .009p.017p .019 
O.OOO’0. 003 : 0 .010 0.0! 8 0.0120. 0190. 024 0.025 


•C. 

0.014] 

0,029j 

0.043 

0.038j 

0.037 

0.040 


■c. 

jo. 034 
,0.031 

i 

|0.041 

|0.070 

0.042 

0.050 


,0.0180.019 

■0.0250.030 


COMPOSITION OP MATERIAL GOING INTO SOLUTION FROM CROPPED AND 
VIRGIN SOILS 

The next point of interest is to determine the differences in chemical com- 
position of the soluble material going into solution from cropped and virgin 
soils. 

The procedure followed was to place 2000 gm. of air dry soil in an aspirator 
bottle and stopper with a one hole rubber stopper over which a small pad of 
glass wool was placed as a filter. The bottle was then inverted and water 
added through the tabulation and allowed to percolate through the soil until 
most of the soluble salts were removed. The hole in the rubber stopper 
was then closed and enough water added to slightly more than cover the 
soil. After standing at room temperature for three weeks the plug was re- 
moved from the stopper and the solution allowed to drain out. The soil 
was then washed by adding successive portions of distilled water and allow- 
ing it to percolate through. Solution and washings were thoroughly mixed 
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and aliquots used for analysis. The results in terms of parts per million of 
air dry soil appear in table 6. 

These data bring out some interesting points. With one exception the 
depleted soils show a decidedly higher content of soluble sulfates. This is 
doubtless the result of the application of farmyard manure at various times 
during the period of cultivation. It would indicate that on these soils at 
least sulfur has not as yet become a limiting element in plant growth. 

The results for chlorine are somewhat more variable as four of the soils 
show larger quantities in the virgin samples, two in the cropped samples 


TABLE 6 


Material going into soltUion from cropped and virgin soils upon standing 21 days at room tem- 
perature with kigk water content 


soa 

convmou 

Ca(HCOi)s j 

Cl 

FciO* 1 

-i- 

Al,Oi 

Ca 

Mg 1 

SOt 1 

P 

Sandy loam | 

Cropped 

p,p.m. 

109.35 

p.p.m. 

12.59 

p.p.m. 

2,95 

p.p m. 

6.75 

p.p.m. 

2.21 

p.p.m. 

13.66 

p.p.m. 

1.08 

Virgin 

341.70 

18.89 

8,02 

17.75 

6,75 

5.03 

0.80 

Very fine sandyf 

Cropped 

396.39 

37.79 

2.95 

26.35 

6.84 

11,08 

0.77 

loam \ 

Virgin 

410.05 

31 .49 

6.33 

22.75 

7.14 

0.47 

0.74 

Silt loam | 

Cropped 

177.65 

6.30 1 

18,14 1 

j 11.00 

3.23 

! 12.67 

0.71 

Virgin 

628.75 

6,30 ' 

30.80 : 

43.00 

7.30 

6.08 

0.74 

Silt loam | 

Cropped 

82.00 

6.30 

1.69 

5.25 

2.43 

10.92 

2.48 

Virgin 

369.05 

9.44 

16.45 

21.25 

8.97 

1,39 

0.80 

Loamy sand | 

Cropped 

4.35 

7.20 

2.70 

29.25 

7.51 

10.48 

0.30 

Virgin 

16.40 

12.22 

7.50 

89.72 

19.91 

7.02 

0.42 

J 

Cropped 

Virgin 

5.19 

24.49 

3.60 

34.45 

9.54 

6,72 

0,35 

Sandy loam j 

9.11 

9.79 

33,30 

67.29 

12.53 

7.38 

0.56 

^ J 

f j Cropped 

2.23 

9.79 

2.40 

14.10 

5.38 

12,27 

0.35 

Loamy sand \ 

[j Virgin 

8.91 

26.95 

4,55 

48.72 

14.39 

9,48 

0.69 


* Parts per million based on air dry soil 


and no difference in the other case. The amount of soluble phosphorusds 
also so variable that it cannot be stated that a decrease in amount of water 
soluble phosphorus results from many years of cropping. 

Of the remaining determinations including alkalinity iron an ^ ' 

going into solution from the virgin sous, xh ... . u* 

earths might be predicted as a result of Increased leaching due to 
The deerLse in soluble iron and aluminum, however, sc rc J 
expected inasmuch as it has been shown that an -crease in s il acidity 
often accompanied by an increase in solubihty of these elem . 
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RELATION OF THE RESPONSE OF SOILS TO FERTILIZER TREATMENT WITH 
THE AMOUNTS OF NUTRIENTS IN THE SOIL SOLUTION 

luasmuch as the variations in the composition of the solutions from de- 
pleted and virgin soils were not as great as might be expected it was decided 
to determine if any relation exists between the response to an application of 
any element or combination of elements and the amounts of such constit- 
uents in the soil solution. 

Two methods of obtaining the soil solution were employed. The first 
was by displacement with alcohol as described by Parker (6). The second 
procedure consisted in allowing the soils to stand eighteen days at room 
temperature Avith water in the ratio of one part of air dry soil to three parts 
of water. The containers were thoroughly shaken every day. The clear 
solution was obtained by filtering with a Biichner funnel. 

The filtrates were analyzed for phosphorus, potassium, calcium, and mag- 
nesium and the results calculated to parts per million of air dry soil. The 
data appear in table 10 together with the greenhouse results. 

In the case of tlie mineral soils it is seen that the soils which yielded the 
most calcium and magnesium by either method of extraction gave negative 
or very small returns as the result of treatment -with calcium car])onate. 

The amounts of phosphorus in the soil solution obtained by both methods 
were quite small but show some correlation with the increase of plant growth 
due to addition of this element. The correlations are better when the results 
from the dilution method are considered. 

The data for potash show little correlation when the results from the dis- 
placement method are considered. When the dilution method was used, 
however, the amounts of the element extracted correlate rather closely wnth 
the response of alfalfa to addition of potassium. Soil 127 is something of an 
exception to this but it should be noted that this soil was productive without 
fertilizer treatment. The decreasefl growth resulting from additions of 
potassium alone in the case of two of the sands is doubtless due to an increase 
of active acidity as a result of the addition of the potassium salt. 

In the case of the peat soils the results from neither method of extraction 
correlate well with the response in plant growth due to addition of the plant 
food elements. 

Inasmuch as the data just presented show that the dilution method indi- 
cates the need of the soil for plant food elements much better than the dis- 
placement method it was considered probable that a method involving a 
larger proportion of water to soil and a shorter period oi contact would be 
still more satisfactory. Accordingly samples were prepared using five parts 
of water to one of soil in the case of mineral soils, and seven and one-half of 
water to one of soil for the peats. The samples were allowed to stand twenty 
hours at room temperature and then filtered. The results of the determina- 
tions on the filtrate are found in table 11. 
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the silt correlations. Considering first 

the yields of alfalfa arp l amount of calcium is extracted 

- c.™ j,. trz: 

«»Xxz, s;“” ” >■ •'» <"«• ~ ™“ 

me hod correlate more closely with the acidity as determined by the Truog 
method than do the amounts of calcium found in the soil soluUon by the 
drsplacement method It is noteworthy that the amounts of phospL u 
extracted by thrs meftod do not correlate with the total phosphorus pSent 
The sandy soils exhibit the same characteristics noted above. Number 85 
showed a hf solubility of calcium, phosphorus and potassium and produced 
a large yield of alfalfa while the other two sands showed a mediocre solubility 
of these elements and also indifferent growth of alfalfa ^ 

In the case of the peat soils number 337 is outstanding in the amount of 
the three plant food elements going into solution and also in the yield of ah 
falfa. ^ Soil 309 has a low solubility of phosphorus and potassium but a com- 
paratively high solubility of calcium and shows a medium growth of crop 
Soil 267 shows a considerably higher solubility of phosphorus and potassium 
than soil 309 but a much lower solubility of calcium and also a somewhat 
less growth of alfalfa. 


The results for the soils as a whole are extremely interesting. In several 
instances they lend support to the explanation of the difference in feeding 
power of plants given by Truog (11) to the effect that alfalfa may feed readily 
on a low concentration of phosphorus and potassium if sufficient lime is pres- 
ent. In cases where the amount of lime is limited a higher concentration 
of the other elements is necessar}^ for satisfactory growth. 

A point strongly emphasized by the greenhouse tests is that in interpreting 
the results of greenhouse or plat tests the data from all the treatments must 
be considered in order to determine whether or not a soil is in need of any 
particular element or treatment. This is well illustrated by soil number 253. 
When phosphorus alone was applied to this soil the yield was decreased but 
when phosphorus and potassium were both used the increase was almost 


double that obtained when potassium was applied alone. Calcium carbonate 
also decreased the yield when used alone but in conjunction with phosphorus 
and potassium the growth of alfalfa was greater than on the pot receiving a 
combination of phosphorus and potassium without lime. 


Soil 309 lends support to the points brought out above. The increased 
yield from an application of both phosphorus and potassium is much greater 
than one would l)e led to expect from the increase noted wffien these elements 


were applied singly. The increased growth of alfalfa on the pot receiving 
phosphorus, potassium and lime was also somewhat greater than might be 
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anticipated from the meager increase due to lime alone and the combined 
effects of phosphorus and potassium. 

More exact conclusions regarding the needs of these soils could have been 
drawn had the treatment included combinations of phosphorus and lime 
and potassium and lime. Under those conditions the need of or response to 
phosphorus could be determined by comparing the results from the potas- 
sium lime treatment with the phosphorus, potassium lime treatment. Simi- 
larly the effects of potassium could be determined by comparison of results 
from the phosphorus lime treatment with those from the potassium phos- 
phorus lime treatment. 

The interpretation of the results of the tests is somewhat complicated 
by the fact that disodium phosphate was used as a source of phosphorus. 
Inasmuch as this salt may decrease acidity somewhat the results from its 
application may be due in part to this factor as well as to the addition of 
phosphorus. 

Considering all the data from the various methods of extraction employed 
and the solubility measurements made by the freezing point method, it ap- 
pears that the rate of solution of calcium and other plant food elements is in 
reality the important factor rather than the total amounts in the soil solution 
at any given time. 

SUMMARY 

A study of forty-eight depleted and the corresponding virgin soils showed 
the latter to have a greater rate of solubility, as measured by the freezing 
point method, when maintained at 25°C. with a moisture content somewhat 
above saturation. The fact that a considerable number of soils were studied 
and rather uniform results were secured would seem to warrant a rather 
general conclusion that a decrease in rate of solubility is one of the important 
changes a soil undergoes in passing from a virgin to a more or less depleteri 
condition. 

An equal or greater rate of solution was observed in several soils after 
removal of the organic matter by treatment with hydrogen peroxide than in 
the untreated samples. The difference in rate of solubility between cropped 
and virgin soils from which the organic matter had been removed by means 
of hydrogen peroxide was generally greater than in the untreated samples. 
These results lead to the conclusion that the larger supply of organic matter 
generally present in virgin soils may not necessarily be the cause of their 
greater rate of solul)ility. 

The solubility of a number of subsoils was found to be very low compared 
to the surface soils. It was also found that subsoils from depleted areas had 
as great a solubility as subsoils from the corresponding virgin soils. This 
leads to the conclusion that most crcjp plants feed primarily in the surface or 
plowed stratum of the soil. 

The amounts of various materials going into solution from depleted and 
virgin soils maintained for three weeks at room temperature with a moisture 
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content somewhat above saturation were determined. With one exception, 
the cropped soils yielded more sulfates while the virgin soils gave the larger 
amounts of iron, aluminum, calcium, and magnesium. Phosphates and 
chlorides were given up in larger quantities by the virgin soils in some cases 
and by the cropped soils in other cases. 

Comparisons were made of the yields of alfalfa on untreated soils and soils 
receiving applications of calcium carbonate and various plant food elements 
alone and in combination with the amounts of various nutrients in the soil 
solution obtained by three different methods. 

When the displacement method was used a fair correlation was noted 
between the amounts of calcium and phosphorus in the soil solution from 
several silt loams and the response of plant growth to addition of these ele- 
ments. The data for the sandy soils used do not show such a good correla- 
tion and little or no correlation was found in the case of several peat soils. 
The amounts of potassium in the solutions showed little relation to the re- 
sponse of plant growth to addition of potassium in any of the soil classes. 

When the soils were extracted with three parts of rvater to one of soil by 
weight with a period of contact of eighteen days fair correlations were observed 
in so far as phosphorus and calcium are concerned in both the silt loam and 
sandy classes. Also more consistent relations with respect to potassium were 
found than when the displacement method was used. The results for the 
peat soils showed practically no correlation. 

The total amounts of material found in the extracts agree quite well with 
the growth of alfalfa produced on the check pots. 

When the soils remained in contact with larger proportions of water (one 
to five for the mineral soils and one to seven and one-half for the peats) for 
twenty hours, the total amounts of material extracted show a very remarkable 
correlation with the yields of alfalfa produced on the untreated soil. 

In cases where comparatively large amounts of calcium went into solution 
but only small quantities of pho.sphorus and potassium the growth of alfalfa 
was quite satisfactory, thus indicating that a highly available lime supply may 
render adequate small amounts of these elements. 

The data as a whole indicate that the rate at which various materials are 
given up by soils is a very important factor in determining their crop producing 
capacity. Studies along this line are being extended. 
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INTRODUCTORY 

In a previous contribution (10) it was shown that basic interchange was brought about 
in the subsoil by surface-soil leachings impregnated with a preponderance of either calcium 
or magnesium. It was also shown that an excess of solid phases of one base was depressive 
upon the surface-soil outgo of the other. In the earlier work, which extended over an 8-year 
period, seven calcic and magnesic materials were applied in excessive amounts. Each 
material was added in chemical equivalence at three rates, 8, 32, and 100 tons of CaO per 
2,000,000 pounds of soil. The present contribution is the result of a 5-year lysimeter study 
with another, though similar, soil to which light additions of limestone, dolomite, CaO, and 
MgO were made. Both light and heavy amounts of CaO and MgO were used also in con- 
junction with each of three sulfur carriers, FeSO*, pjTite, and elementary sulfur. The 8-year 
study was based upon an installation of both shallow and deep tanks, and certain functions 
of the subsoil were definitely determined. In the study here reported, however, the lyshn- 
eters contained surface soil only. In previous reports the outgo of sulfates (7) and the 
depressive activities of the calcic and magnesic additions upon potassium outgo (8) were 
reported for the same tanks. Nitrates and bicarbonates have also been determined, though 
not reported. This article deals with the total leachings of salts of calcium and magnesium, 
as such are influenced by form and amount of addition, basic repression, and both iniUaUy 
soluble sulfate and sulfate generated by chemical oxidation and sulfofication of the two 
unoxidized forms of sulfur. In the interpretation of the calcium and magnesium outgo 
from those tanks which received the supplements of sulfur carriers it is helpful to have avail- 
able the data as to their sulfate leachings (7), 


METHODS 

As stated in the paper (7) on sulfate outgo, the 3750-pound addition was intended to 
represent a 2000-pound application of burnt lime plus 1750 pounds to 
or potential acidity of the sulfureous materials. Limestone and dolomite ’“tons 
both of lOO-mesh fineness. The acid loam used conlamed 0il7 per cent ^aO a a ^ 
cent of MgO, as determined by Na=0.-NaiC0. fusion. Desenptions of 
analyses of treatments, and precautions followed in handling and 

out L body of the soil have been given, (4, 7) and will not be repeated he . The amount 
of calcium and magnesium brought down in rainfall also have been reported (5), 
experimental and minor constants will be considered as in crent m 
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PRESENTATION AND DISCUSSION OF DATA 

Annual losses of calcium, totals for the five years, and. average annual increases or de- 
creases above the control are shown for the twenty- two tanks in table 1. The magnesium 
data are given in similar form in table 2. Totals of calcium-magnesium salts from the 
control and light unsupplemented additions are presented in table 3. Since all treatments 
were based upon chemical equivalence, the results are reported throughout in terms of CaCOj. 
The discussion of results follows the order of treatment and grouping of tables 1, 2, and 3. 

TABLE 1 

A nuKal andlotal amounts of calcium salts leacliedfro-m “Cherokee” loam during aS-year period — 
treatments of Imeslone, and dolomite, and of CaO and MgO zeith and without 
additions of FeSOi, pyrite and powdered sulfur 


R 

s 

w 

A 

< 

1 TREATJCENT j 

CaCOi EQUmLEIfT PEE 2,000,000 lcs. op soil 

j Catde-M amnesic 

Sulfur 
constant of 

1.000 lbs, 
per 

2.000 000 
Ibis. 01 soil 


Annual periods 

j 5-year period 

Material 

CaO 

equivalent 

per 

2,000,000 
lbs. of soil 


ts 

CJ 

0 

^ ti 

3 § 

H h 

Fifth 

Average annual 

Total 

Increase over 
no- treatment 
control 



lbs. or Ions 


lbs. 

lbs. 

lbs. lbs. 

lit. lbs. lbs. 

50 

None 

None 

None 

291 

248 

234 260 

188 244 1,221 .... 

51 

Limestone 

2000 

None ! 

370 

406 

336 351 

201 333 1,664 443 

52 

Dolomite 

2000 

None ■ 

230 

273 

228 219 

166 223 1,116 -105 

53 

CaO 

2000 

None i 

j 406 

408 

278 371 

226 340 1,089 468 

54 ! 

CaO 

3750 

None 1 

j 694 

587 

477 482 

293 507 2,533 1,312 

55 

: MgO 

2000 

1 None 

155 

147 

166 161 

111 148 740 -480 

56 

: MgO 

3750 

None 

147 

143 

166 160 

96 142 712 -509 

57 

None 

None ' 

FeSOi 

1,348 

611 

374 278 

173 557 2,784 1,563 

58 

CaO ! 

3750 ! 

j FeSOi 

2,536 

718 

351 338 

205 830 4,148 2,927 

59 

MgO 

3750 1 

i FeSOi 

579 

139 

121 101 

89 206 1,029 -192 

60 

CaO 

32 tons 1 

' FeSOi 

3,799 1 

.,648] 

1,863 1,3501 

1,229 1,980 9,889 8,668 

61 1 

MgO 

32 tons j 

FeSOi 

82 

60^ 

103 94 

60 80 399 -822 

62 

None 

None ' 

Pyrite 

585 

896 

615 381 

308 557 2,785 1,564 

63 

CaO 

3750 ! 

Pyrite 

865] 

1,108 

643 869 

380 773 3,865 2,644 

64 I 

MgO 

3750 ' 

Pyrite 

297 

242 

166 159 

48 182 912 -309 

65 

CaO 

32 tons 

Pyrite 

4,950[] 

1,724: 

1,2764,496 

1,161 2,121 10,607 9,386 

66 

MgO 

32 tons ' 

Pyrite 

1 

69 

88 92 

56 81 404 -817 

67 

None 

None 

1 

Sulfur 

1,279 

617 

400 306 

186 558 2,788 1.567 

68 

CaO 

3750 ' 

Sulfur ' 

i2,3n 

903 

384 344 

234 835 4,176 2,955 

69 

MgO 

3750 ' 

Sulfur i 

526 

209 

245 189 

119 258 1,288 67 

70 

CaO 1 

32 tons 

Sulfur 

14,162 1,968 

1,772 1,864 

1,342 2,222 11,108 9,887 

71 

MgO 

32 tons 

Sulfur 

1 55 

65 

W 104 

59 75 373 -848 

Rainfall (August to August) in 






inches 



;37,69: 

51.54:54.7565.19 

56,75 51.16 
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TABLE 2 

Annual and (otal amounts of magnesiiwi salts leached from “C/ierokee” loam during a 5-year 
period- treatments of limestone, and dolomite, and of CaO and MgO uitk and 
uitkout additions of FeSOi, pyrite and poudered stdfur 

1 nUEAIMENT 1 CaCOl EQUIVALENT PER 2,000,000 LBS, OF SOIL 


j SuBur ' ' 

^ , constant of 

VaG 1,000 lbs. 
equivalent 

, non 2,000,000 
2 000 000 of soil 
Jba.ofsoil 


lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs. 


174 90| 108 78i 85 10? 535] .... 


Limestone 2000 
Dolomite 2000 


53 CaO 

54 CaO 

55 MgO 

56 MgO 

57 None 

58 CaO 

59 ^ MgO 

60 CaO 

61 MgO 

62 None 

63 CaO 

64 MgO 

65 CaO 

66 MgO 

67 None 

68 CaO 

69 MgO 

70 CaO 

71 MgO 


None 143 721 59 209 60 109 543 8 

None 338 226j 150 23oj 1C9 223 1,113 578 

None 159 82 61 lOOl 75 95 477 -58 

None 139 67 42 162| 74 97' 484 -51 

None 555 3291 288| 335 1 112 324 1,619 1,084 

None 980 556 514 527 263 568 2,840 2,305 

FeSO^ 474 140 106 147 62 186 929 394 

FcSOi 347 96 55 113 83 139 694 159 

FeS04 3,6831 534 349 348 22/ 1,028 5,141 4,608 

FcSOi lOOj 9 33 76 57 55 275 -260 

FeSO^ 3,610 5,770 4,074 3,566 1,885 3,783 18,914 18,379 


Pyrite 300| 202 1 142 184 129 191 957 422 

Pyrite 3731 1191 68 llSj 85 153 763 22S 

Pyrite l,t4o!l,033| 516 51S! 291 706 3,528 2,993 

Pyrite 96; 4S| 17 87 ! 28 55 276 -259 

Pyrite 5,4746,370 5,015 3,277|l,S77 4,403 22,013 21,478 
^ til , 1 I 


None Sulfur ! 523j 15l! 112 132| 82' 200 1,000 46o 

: 3750 Sulfur 1 280^. 99' 57 112; 40 llSi 588 53 

3750 Sulfur 53,34(4 795 340 769; 213 1,091:5,457 4,922 

32 tons Sulfur | 86^ 35 26 62; 4.^ 51' ^81 

32 tons Sulfur 14 , 917 , 7,169 5,187 3, 0104,78.^4, 4^22,068 21, 533 


Rainfall (August to August) ju j j 1 L 

inchal^ ;37,69;5l,54 54,75l55.19b6.7blM.16| 


CALCIUM LEACHINCS PROM TWENTY-TWO TANKS 

Limesloue'-doloniHe-oxide ^roup 

The limestone addition increased ihc outgo of calcium for each of the five 

years. Thc5-vear total amounted to «3 pounds, or additiro 

increase of 89 pounds. On the other hand, the equivalent dolom 
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depressed the outgo of calcium below that of the control during four of the 
five years, the total depression amounting to 105 pounds. 

Both CaO additions increased calcium concentrations in the leachings. The 
1750-pound supplement to the 2000-pound addition augmented, by 844 pounds 
for the five years, the 468-pound increase caused by the 2000-poaiid addition. 
From previous studies with practically the same soil (3), it was determined 
that an application of 4000 pounds of CaO was all fixed in non-hydrate and non- 
carbonate forms within less than ten days. The increase in calcium leachings 
came, therefore, from the solvent action of acids formed biologically and by 
increase in bicarbonates derived through hydrolysis of the calcium silicates. 

The decreased yields of calcium from the two magnesia additions were in 
close agreement, with striking uniformity for annual losses. The carbonate 
elimination, through fixation, observed with reference to CaO was known to 

TABLE 3 

Five-year totals of Qalciim-ma^nesium outgo from 2000-pound CaO-cquivalent additions of 
CoOy limestone and dolomite and SF50-pound CaO and Us MgP equivalent 


LOSSES EXPRESSED AS C a COl -EQUIVALENT PEE 2.000,000 POUNDS OP SOIL 


SALTS LEACHED 

Control 

From treatments 
(equivalent to 2,000 lbs. CaO) of: 

From 3,750-lb. 
CaO -equivalent 
treatments of: 

CaO 

MgO 

Lime- 

stone 

Dolo- 
1 mite 

CaO 

MgO 

Calcium 

Magnesium 

lbs. ' 

1,221 

535 

lbs. 

1,689 

477 

lbs. 

740 

1,619 

1,664 

543 

lbs. 

1,116 

1,113 

;6j. 

2,533 ! 
484 

tbs. 

712 

2,840 

Total 

1,756 

2,166 

i 

2,359 1 

2,207 

2,229 

3,017 

3,552 

Combined Ca-Mg increases in 
excess of outgo from control ... 

i 

410 

603 j 

451 

473 

1,261 

1,796 


have taken place also in the case of MgO. The positive depressions of 480 
pounds and 509 pounds below the calcium outgo from the control arc in har- 
mony with the similar findings (10) where the same repressive effect was exerted 
by excessive and unabsorbed amounts of MgO, and also MgCOs and magnesite. 
Still further proof of the action of both light and excessive additions will 
be offered in this paper in the discussion of the sulfur-supplemented MgO 
additions, which have continued to show the depressive effect through all 
five years. It will be noted that the average outgo from the two MgO tanks 
during the fifth year was only 55 per cent of that from the control. 

FeSOi-oxide group 

The action of FeSOi upon native alkali-earths was apparently direct. The 
increase in outgo of the sulfate radical from this treatment was attributable 
almost entirely to its combination with calcium and magnesium. Only a small 
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increase in potassium outgo resulted from the treatment, as has been shown in 
a previous contribution (8), Lipman (2) reported the calcium and potassium 
content of a pressure-extraction solution obtained from lemon orchard soil, 
which had been treated with 5-10 pounds of commercial FeS04 for each tree. 
The FeS04 treatment almost doubled the soluble calcium recoverable by this 
method of obtaining a soil solution. The 1563-pound increase in calcium outgo 
is four times the corresponding increase in magnesium leachings, though the 
native calcium content of the soil is only about one-half that of the native 
magnesium. From this it is evident that the calcium complexes are much 
more subject to the solvent derived from FeSOi that are those of magnesium. 

The 2000-pound supplement to the 1750-pound addition required to care in 
full for the sulfate radical was also drawn upon, most probably, to account for 
the still further increased outgo from tank 58. The 4i48-pound total from 
this tank, 2536 pounds of which came out during the first year, is 2927 pounds 
in excess of the loss from the control and 1364 pounds more than the increased 
loss of native calcium from the unsupplemented FeS04 addition. The sudden 
drop from the maximum of the initial year, and the progressive decreases during 
the last four years, mark the removal of a major portion of the calcium sulfate 
and the advent of a large proportion of calcium bicarbonate. This outgo in 
calcium harmonises with the periodicity of sulfate leachings which have been 


reported (7). 

The calcium leachings from the 3750-pound Mg0-FeS04 treatment during 
the first year amounted to more than one-half of the 5-year total. The influ- 
ence of magnesium sulfate derived from the Mg0-FeS04 additions is evidenced 
during this period. Most of the added sulfate having passed out during the 
first year, the residue of the magnesia addition exerted thereafter a depressive 
influence upon calcium outgo, which amounted to only 450 pounds, as against 
930 pounds from the control for the last four years. The balance between the 
288-pound increase of the first year and the 480-pound cumulative depres- 
sion of the last four years amounted to 192 pounds. In other words, m spite o 
the magnesium-calcium interchange brought about by magnesium ^sulfate 
during the period before its removal by leaching, the magnesia addition still 
demonstrated a conservation of the native stores of calcium. ^ 

The greatest yield of calcium from the 32-ton CaO treatment used m con- 
junction with the ferrous sulfate came during the first year, \\ith var>mg 
proportions this yield was accounted for by hydroxide, sul ate, « c *0"- 
and bicarbonate of calcium. After the first year tbe outgo d™d 
progressively. Of the total increase of S668 pounds above the control f the 
5-vear period, an increase of 350S pounds, or 40 per cent is ^ 

fir'st year. But this 40 per cent outgo of added CaO earned on y 82.2 pounds 
of the 1000 pounds of sulfur added in the soUib e sulfate ^tin /h 
Applied with FeSO. the 32-ton MgO addition gives a stfl mom stakmg 

depressive influence upon calcium-salt outgo. e ^^^nnareiitlv exerted by 

ndlificdtheliberativeorreplacementactivilywhichwasappareutli exerted by 


sort sctKNcr, vol. xvj, ko. 6 
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the magnesium sulfate derived from the lighter MgO addition with FeS04. 
During each of the five years the calcium outgo was but a fractional part of 
that from the no- treatment control, and a still smaller fraction of that from the 
sulfate control. The 5-year total of 399 pounds from tank 61 falls 822 pounds 
short of equalling that from the no-treatment tank 50, and 2385 pounds 
below that of tank 57, the FeS04 control. 

The py rite-oxide group 

The order of annual losses, of calcium from the pyrite control differed from 
that of the FeS04 control. The unsupplemented pyrite increased the 291- 
pound loss from the no-treatment control to 585 pounds, during the first year, 
as against 1348 pounds for the sulfate control. The oxidation of the pyrite 
apparently was most extensive during the second year, as indicated by the 
maximum calcium yield, and also by the maximum sulfate leaching during that 
year (7). The total calcium increase caused by tlie pyrite during the 5-year 
period was practically identical, however, with that caused (7) by ferrous sul- 
fate and by elementary sulfur, though the pyrite addition gave the minimum 
sulfate recovery of the three materials during that time. These three CaCOr 
equivalent totals were, respectively, 1564, 1563, and 1567 pounds per 2,000,000 
pounds of soil. But when added with pyrite, the light lime treatment 
enhanced the total calcium outgo by only 2644 pounds, or 293 pounds less than 
when used with ferrous sulfate and 311 pounds less than when used with ele- 
mentary sulfur. This disparity is accounted for by the fact that the oxida- 
tion of the pyrite addition was less rapid and less in the aggregate than that of 
the elementary sulfur (7), for the sulfur recoveries from the FeS 04 and ele- 
mentary sulfur were both over 90 per cent of the additions, after deduction of 
the 5-year rainfall sulfur, while the pyrite gave a corresponding recovery of 
only 60 per cent. 

When added with pyrite, the light MgO addition exhibited, after the second 
year, a depressive effect similar to that shown by the same oxide when used 
with ferrous sulfate. The largest leachings of both calcium and sulfates 
occurred during the first two years. Because the oxidation of pyrite was less 
rapid in the pyrite-MgO tank than in the pyrite control (7), less of magnesium 
sulfate was at hand to offset the depressive action of the MgO treatment. 
Hence, the depressive action of the light MgO addition was considerably 
greater when used with pyrite than when used with ferrous sulfate. It will 
be noted that after the 6-pound increase of the first year the treatment showed 
progressive annual depressions of 6, 68, 101, and 104 pounds below corre- 
sponding no-treatment yields, 

The maximum outgo from the pyrite and 32-ton CaO addition came during 
the first year, with a tendency toward progressive decrease thereafter. During 
the early period, as parallel with persistence of the hydrate, the outgo of lime 
was almost entirely in forms other than sulfate, a total sulfate sulfur recovery 
of only 31.5 pounds having been obtained from the 1000-pound addition (7). 
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The excess of CaO was either depressive to both chemical oxidation and siilfo- 
fication, or inactive toward one or both of these processes, yet depressive upon 
sulfate removal by leaching, if sulfates were formed. For, as has been previ- 
ously pointed out (7), not only was the excess of CaO depressive to the outgo of 
sulfates from pyrite, but during the persistence of hydrate it also inhibited 
the outgo of the added sulfate of iron, since only 82.2 pounds of the 1000-pound 
addition of sulfate sulfur was leached during the first year. 

Applied with pyrite, the 32-ton MgO addition again proved distinctly de- 
pressive upon the outgo of native calcium during each of the five years. Even 
had MgS 04 been present as a liberating salt, the excess of MgO was such as to 
nullify any tendency to effect basic exchange. This was shown in the case of 
the 32-ton MgO and FeS04 treatment, Differing, however, from the elemen- 
tary sulfur and heavy MgO combinations, where the MgO proved accelerative 
to the formation of sulfates, the same addition of MgO exerted the opposite 
effect upon the pyrite. The total depression in calcium outgo amounted to 
817 pounds. This is in remarkable agreement with the 5 -year totals of 822 
pounds and 848 pounds for the same oxide and rate when used in conjunction 
with ferrous sulfate and elementary sulfur, respectively. 


Stdfur-oxide ^mip 

The sulfur addition increased the concentration of calcium salts in the leach- 
ings from the control during each of the first four years, particularly during the 
first year. Both calcium outgo and sulfate recoveries (7) progressively 
decreased during the 5-vear period. Total outgo, as has been previously 
mentioned, is very close to losses from the other two sulfur-carrier controls. 

The light CaO addition accelerated conversion of the elementar)' sulfur into 
sulfates, as was demonstrated by the increase in sulfate Icachings (7). A 
large part of the 2020-pound increase over the calcium outgo from the untreated 
tank during the first year is accounted for in this way, since /33.5 pounds of 
sulfate sulfur came from the combination of light lime and sulfur during the irst 
year, as against 506.8 pounds from the unsupplemented sulfur control. The 
rate of outgo of calcium decreased progressively during the five years 1 he 
same was true also of sulfate leaeWngs. Of the total 3750 -pound CaO addi ion 
including 11, e 175tVpound portion intended to care for potential 
pounds were leached. That is, the eacess above the outgo from 
represented the 1750-pound neiUrahang addition plus - 3 pou , 
per cent of the 2000 pounds intended as the soil-amehorant trea ment. 

' k ag;eenient with the corresponding MgO addition " ^ 

group the li<'hlec MgO produced an increased outgo of calcium duru g 
r^iglvhich period 816.d pounds of sulfate ty o 

leaching. The calcium liberalion was apparently f 

engendered magnesium whcnkie effect ofihe 

sulfur combination w’as evidenced after . liberation 

generated sulfate had been eliminated because of «s removal. The Uberation 
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of calcium by the engendered magnesium sulfate during the first year was more 
than sufficient to offset the depression in calcium outgo during the latter period. 
As a result, there was a gain of 67 pounds over the no- treatment control during 
the 5-year period. Comparing the yield from tank 69 with the findings from 
tanks 64 and 59, it appears that with intensive initial and progressively decreas- 
ing generations of magnesium sulfate the depressive action of MgO was nulli- 
fied for the 5-year period; that with slower and more irregular oxidation of 
pyrite and a resultant minimum of magnesium sulfate occurrence, the most 
depressive influence exerted by the light MgO addition was of effect; and, with 
the maximum amount of magnesium sulfate formed and leached during the first 
year, the intermediate depressive activity was in evidence. 

The maximum calcium outgo from the heavy CaO and sulfur addition came 
during the first year. Only a small part of this early outgo could be accounted 
for by the 88 pounds of added sulfur which was leached out in the sulfate com- 
bination. During the persistence of considerable quantities of Ca(OH )2 
from the CaO addition, sulfoficationwasmost probably inhibited or greatly de- 
pressed. Even had sulfofication taken place, however, the Ca0-FeS04 parallel 
demonstrated that sulfates so generated would not have been leached (7). 

Incorporated in the soil along with sulfur, the heavy MgO addition again 
shows a result which corresponds to that obtained when it was used in con- 
junction with both ferrous sulfate and pyrite. It has been shown (7) that, 
when admixed with 32 tons of MgO, the elementary sulfur was rapidly con- 
verted into sulfates. But the resultant excess of magnesium sulfate induced 
no magnesium-calcium interchange when in contact with the large excess of 
unabsorbed MgO. This result is also in agreement with that obtained when 
the soluble sulfate was added along with the heavy addition of MgO. The 
uniformity of calcium outgo from the heavy treatment of MgO may be stressed 
by repetition of the comparison between tanks 71, 66, and 61. The disparities 
below the outgo from the no- treatment control demonstrated repressions in 
the solubility of native calcium, as represented by depressions in calcium 
outgo of 848, 817, and 822 pounds, respectively. 

MAGNESIUM LEACHINGS FROM 22 TANKS 
Limeslone-dolomite-oxide ^roup 

The lOO-mesh limestone depressed the outgo of magnesium during four of 
the five years. The accelerative influence indico ted during the fourth year was 
sufficient, however, to offset the cumulative differences which resulted from 
the reverse action during the other four years. Many of the losses for the fourth 
year indicated that the periodicity of rainfall during that period caused abnor- 
mality in the leaching of soluble salts. 

Magnesium outgo from the dolomite addition was consistently higher than 
from the control. As a result, the magnesium increase for the 5-year period 
was slightly more than 100 per cent of the loss from the no-treatment tank. 
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Again, as in the case of the limestone additions, the economic additions of 
CaO caused a decreased magnesium outgo during four of the five years; but 
the abnormality of the fourth year served to neutralize, in part, the cumulative 
results of the other four years. Hence, the two CaO treatments showed mag- 
nesium depression totals of but 58 pounds and ,51 pounds. 

Both MgO additions showed a substantial influence upon magnesium outgo. 
The 3750-pound treatment gave results consistently higher than those from the 
2000-pound application. Were it not for the abnomiality in leachings com- 
mon to the six tanks 51-56 during the fourth year, both MgO additions would 
have shown maximum outgo during the first year, with progressive decreases 
during the succeeding four years. The increase from the 2000-pound addition 
was 54 per cent of the amount added, while that from 3750 pounds of MgO 
was 61 per cent of the addition. 

FeSOi-oxide group 

The solvent 3,ction of the unsiipplemented Fe504 treatment was most 
marked during the first year. Over one-half of the added sulfate was 
recovered during that period. The 394-pound gain in the magnesium leach- 
ings of the first year represented an increase of 73.6 per cent over the outgo 
from the no-treatment control. 

The light CaO supplement to the FeSO^ treatment caused the formation of 
CaSO^, and this salt apparently effected an interchange with native magne- 
sium. After the removal of the CaSO^ and AfgSO.j so accounted for, the resid- 
ual effect of the CaO was more repressive than augmentive. As a result of 
such direct solvent action and interchange, the supplemented ferrous sulfate 
induced a 5- year increase of only 159 pounds in magnesium outgo, as against 
392 pounds where the FeS 04 was not .subjected to the intervening influence of 
the CaO supplement. 

Of the total increase of 4608 pounds from the 3750-pound MgO addition with 
FeS04, 3509 pounds, or 73.6 per cent, was leached during the first year, after 
which periofl there was a tendency toward progressive decrease to the minimum 
outgo of the fifth year. The total outgo of 5141 pounds represented a gain of 
4608 pounds, or 858 pounds more than the addition. Thus, from an addition 
of MgO in connection with FeS 04 , solvent action of the soluble salt plus bio- 
logical activation has resulted in a large supplemental loss of the native 
magnesium. 

The heavy addition of CaO exerted a decidedly depressive tendency upon 
the yield of native magnesium to the free soil water. The large excess of the 
oxide nullified the liberative tendency of 4246 pounds of calcium suHate formed 
by reaction between Ca(0H)2 and the soluble iron sulfate. The magnesium 
outgo was consequently decreased to about one-half of that from the no-treat- 
ment control Contrasted with the enhanced outgo from the FeSOi control, this 
decreased outgo gives a differential of 654 pounds, as representing the extent of 
the repressive action of the excess of calcium oxide. 
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The 32-toii MgO addition was more than sufficient to saturate the soil by 
exceeding its capacity to absorb, or “silicate/' the added oxide, A large excess 
of MgO was therefore available for carbonation and leaching as bicarbonate by 
direct reaction of available H2CO3, whereas hydrolysis of the completely 
absorbed 3750-pound addition was essential to its removal in the bicarbonate 
form. Nitrate and sulfate generations were also accelerated by the heavy 
addition. As a result, an increased magnesium outgo of 18,379 pounds was 
obtained. 


Pyrite-oxide group 

Oxidation of the py rite-control treatment was sufficiently rapid to cause an 
appreciable increase in outgo of magnesium for each of the five years. The 
total increase for the 5-year period was almost equal to the outgo from the 
control. After the maximum of the first year, the annual losses showed 
tendency toward progressive decrease. 

Subsequent to the first }’car, there was little evidence of magnesium libera- 
tion from the light addition of CaO, Of the total increase of 228 pounds over 
the pyrite control, 199 pounds came during the first year, and should be con- 
sidered most probably as a sequence of pyrite oxidation and either direct sol- 
vent action or interchange resulting from the maximum occurrence of soluble 
calcium salts. 

With depressed pyrite oxidation, caused by the MgO addition, the outgo of 
magnesium from the light addition showed a gain of but 2993 pounds for the 
5-year period, as against the larger increases of 4608 pounds for the sulfate 
addition and 4922 pounds for the rapidly oxidized sulfur. The annual losses 
from the light ]\IgO decreased yearly after the maximum of the first year. 

In the case of the heavy lime tank 65, there was a very positive depression 
in magnesium outgo. As previously shown by lysimeter-lcacliing data (7), 
there was a minimum of calcium sulfate in the solution phase to effect basic 
replacement. If the total pyrite addition had been oxidized 4246 pounds of 
calcium sulfate would have been present. Its tendency toward magnesium 
liberation would, however, have been nullified Iry the excess of CaO, as 
is shown by the practically identical depression in outgo, 259 pounds, or a 
decrease of 276 pounds below the 535-pound outgo from the no-treatment 
control caused by the same calcic treatment when used in connection with the 
soluble sulfate. 

It has been pointed out (7) that the 32-ton MgO addition v/as decidedly 
depressive upon the oxidation of pyrite. Consequently, in this instance, less 
of magnesium sulfate was present to funcliori as a calcium liberant. As would 
be expected, a large amount of magnesium bicarbonate w^as leached following 
the conversion of the excess of oxide to carbonate. It was noted previously 
in this contrilmtion that the effect of the excessive outgo of magnesium bicar- 
bonate, or that of the excess of residual MgO-Mg(OH) 2 -MgC() 3 , was to decrease 
materially the outgo of calcium salts derived from native calcic materials. 
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Sulfur^oxide group 


In agreement with the FeS 04 and pyrite controls, the unsuppicmented 
sulfur addition gave a material increase in magnesium outgo. This increase 
may be charged to the rapid oxidation of the clcinentary sulfur, as was shown in 
previously reported (7) sulfate-outgo results. 

The light CaO treatment resulted in a distinct acceleration of the oxidation 
of the added sulfur and in the formation of calcium sulfate. This increase is 
reflected in the failure of the light lime addition to show a depressing effect 
upon magnesium outgo. The smaller increase of 53 pounds, as compared 
with the 159'pound and 228-pound increases from the FeS 04 and pyrite paral- 
lels, may be accounted for by the fact that the light addition of lime with sulfur 
gave a rapidity of sulfate outgo which was intermediate between the other two. 
The sulfate radical from the sulfur with light lime was most probably generated 
at a speed which caused it to react primarily with the calcium oxide, and in 
small measure with native magnesic complexes. The entire amount of oxi- 
dized sulfur may, however, have combined with the added calcium, in which 
case the resultant calcium sulfate — 4246 pounds— would have effected basic 
interchange in the absence of added lime in sufficient excess to be depressive to 
magnesium outgo. 

The light MgO proved even more accelerative to sulfoffcation, and, as is 
known from unpublished data, to nitrification also. The 4922-pound excess of 
magnesium outgo over the control, represents the 3750'pound addition plus 
1172 pounds of magnesium native to the soil. The enhanced outgo of 4922 
pounds of CaCOs equivalence calculates to 5906 pounds of which would 

account for 1574 pounds of sulfur, The total 5-year outgo of sulfate sulfur 
from this taiik was, however, only 1136 pounds (7), of which 257 pounds was 
accounted for by rainfall. The 1172-poiind excess above the control outgo and 
3750-pound addition was attributable therefore not only to enhanced sulfofi- 
cation, nitrification, and CO 2 generation, as the products of these activities 
may have been neutralized by the MgO addition, but also through the com- 
bined influence of the same activities upon non-carbonate magnesic material 
native to the acid soil In other words, the light magnesia addition not only 
suffered complete removal, but it so stimulated soil activities as to cau.e a 


further outgo of nalivc magnesium. 

In agreement with the corresponding heavy lime additions of 60 and 
65, and with previously reported data (10) upon the same treatment at the 
same rate without sulfur, the 32-ton addition of tank 70 has Jpr^s- 

sive to the leaching of magnesium for each year, the total depression for the 
"rpellnJntingtobsi pounds. Agreeing also wit previous ^ 
(6 7), arbonation of Ca(OH). was precedent to accelerated 

The 5-year total outgo from the 32-ton MgO 
same as hat from the same treatment when it was used 
pyrite. In the case of the sulfur supplement, both speed and aggregate 
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sulfate outgo were much greater than in the case of the MgO-pyrite combina- 
tion. A larger proportion of magnesium sulfate and a smaller proportion of 
bicarbonate is therefore accredited to the sulfur plus heavy MgO, since the 
determined difference in nitrate leaching s was insufficient to be considered as a 
factor in this connection. On the other hand, practically all of the applied 
soluble sulfate was removed by the heavy MgO addition during the first year. 
The smaller total of 18,379 pounds may be accounted for by the probability 
that the sulfate addition was depressive, initially, at least, to the generation of 
CO 2 , which depression caused a lesser outgo of magnesium bicarbonate. 

CALCIUM-MAGNESIUM TOTALS LEACHED EROM THE LIMESTONE-DOLOMITE-OXIDE 

GROUP 

The most common application of ground limestone is two tons per acre every 
four or five years, while burnt lime is generally applied at the 1-ton rate. Very 
few data are available as indicative of the calcium-magnesium losses from the 
surface zone, where many plants feed most extensively. The foregoing dis- 
cussion shows that the problem of liming is a dual one of calcium-magnesium 
conservation. Total calcium-magnesium results from the most generally 
used economic applications and the 3750-pound addition, as approximating 
the 2-ton CaO addition, which is often made, are of particular interest. It will 
be remembered that for a given rate, all treatments in this experiment were of 
constant chemical equivalence. 

At the 1-ton oxide-equivalcnce rate, all treatments gave combined alkali- 
earth losses in excess of those from the control; but the proportions of calcium 
to magnesium in the totals varied widely. It should be stressed that from 
much parallel work with the same type of soil and the same additions, it is 
known that all of the added calcic and magnesic treatments ^Yere quickly 
fixed as non-carbonate forms by this soil. The leachings were therefore 
derived from the reversal of the absorption processes, as a result of the action 
of carbonated water of the soil upon the calcium-silica complexes, except where 
biologically engendered acids may have acted directly upon the alkali-cartli 
silicates. With this thought in mind, w^e observe that the 410-pouud increase 
from burnt lime is due entirely to enhanced calcium outgo, since the magnesium 
leachings were less than those of the control. In a similar manner, it appears 
that the 451-pound increase accredited to the limestone is also due solely to 
calcium, since the magnesium leachings were within 8 pounds of those from 
the control. On the other hand, there came from the MgO addition a 603- 
pound excess over the total outgo from the control, which excess is attributable 
entirely to augmented outgo of magnesium, for the 750'pound calcium outgo 
is 481 pounds less than that from the control. Likewise, we find that the 
dolomite gave an increase which is attributable solely to magnesium. However, 
the dolomite addition proved less repressive than Mgf) upon calcium outgo. 
This may be due to the formation of a dual salt when the calcium and magne- 
sium of the dolomite are absorbed by the soil. The dolomite contains the two 
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elements in nearly equivalent amounts, as contrasted to the mass of magnesium 
and near-absence of calcium in the case of the MgO addition. 

When applied at the 3750-pound rate, both oxides gave total calcium-mag- 
nesium yields in excess of the near-constants from the four materials at the 
2000-pound rate. The MgO showed a more rapid and greater total leaching, as 
it did also at the 2000-pound rate and as it has done for all rates with this and a 
similar soil (10). The full increase of 1261 pounds from the 3750 pounds of 
CaO is due entirely to increased CaO from the addition, for the magnesium 
outgo w^as depressed below that of the control. Conversely, the outgo of 
magnesium from the corresponding magnesia addition accounted in full for 
the increase of 1796 pounds in total outgo because the calcium teachings were 
depressed 509 pounds by the 3750 pounds of MgO. 

From these data it is evident that equivalent and well-disseminated amounts 
of CaO, limestone, and dolomite at the 2000-pound-equivalent rate were re- 
sponsible for practically identical amounts of total calcium-magnesium salts. 
The ratio of the leached bases varied, however, with consequent change in 
ratio of residuals and possibly also their availability. The imposed conditions 
differ from those of the excessive carbonate additions, considered in a previous 
contribution (10), where the unabsorbed excesses were such that the gaseous 
phase carbon dioxide was the limiting factor. In the present case the treat- 
ment was so limited as to insure complete absorption by the soil, and the dis- 
persion throughout the mass was so thorough that the bulk of the addition 
and its absorption products represent the controlling factor. Assuming equiva- 
lent quantities of CO 2 for the 2000-pound and 3750-pound additions of CaO 
and MgO — though the heavy treatment may have been more potentin generat- 
ing carbon dioxide — it appears that the larger addition insured so much wider 
and more uniform distribution that the available carbon dioxide had a better 
chance to function in the formation and leaching of bicarbonates. 

Another point is suggested relative to the consen’ation of calcium and mag- 
nesium. The CaO, limestone, and dolomite additions of chemical equivalence 
show 5-year calcium-magnesium losses of about one-fifth of the respective 
incorporated materials. Were this rate of outgo to continue, the additions 
would require at least twenty-five years for their dissipation. But, since the 
increases over the control caldum-magncsium total are progressively decreas- 
ing, it is probable that a much larger period would be required for the removal 
of the additions through leaching. In practice, however, we find that a 2000- 
poimd CaO-cqui valent addition sliould be repeated every four, five or six years, 
depending upon soil t^'pe, composition, method of handling, cropping, topog- 
raphy, and rainfall. With the large part, nearly four-fifths, of the added 
materials still present in this case, it appears that as the time increases, the 
al)sorbed materials become more complex, less soluble, and more nearly cor- 
responding to the availability of the long-aged natural non-carbonate alkali- 
earth occurrences native to the soil. In other words, the residuals of addi- 
tions are subject to dynamic conditions and to aging, through v*hlch process 
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they become more and more insoluble and unavailable, and hence of lessened 
ability to maintain conditions of fertility. 

Applying the findings to this particular soil, the response of which to liming 
under field conditions is known, infertility would be eliminated by the liming 
material during some rather immediate period after its incorporation in the 
soil. Recurrence of what would be, in effect, lime poverty would follow because 
the aging of the absorbed residual from the addition. As corrolary evidence 
derived from the same type of soil the aging of an excess of magnesium has 
caused transition of toxicity into fertility (9). In this latter case an S-ton 
CaO-equi valent of MgCOs was found to be lethal to tall oat grass several 
months after the carbonate had been completely fixed or silicated in the soil. 
About one year later, however, the non-carbonate residual proved beneficial, 
rather than toxic, though most of added magnesium was still present. 

An additional practical application follows from the results, in so far as 
other similar soils may react with economic amounts of calcic and magnesic 
materials. Where a crop has a need for magnesium, that earthy alkali should be 
applied. For such a need will not be cared for through basic interchange in the 
surface soil, following additions of high-calcic materials. Rather, a decrease 
in magnesium solubility follows. In a similar manner magnesium additions 
tend to decrease the solubility of native calcic materials in the soil. Both 
limestone and dolomite exert some depression, but they are relatively inactive 
in this regard, as compared, respectively, with burnt lime and burnt magne- 
sia, A later report of work now under way for over two years will give further 
data relative to the activity of burnt dolomite in this respect. It is quite 
probaljle that the results here reported will materially aid in the practical 
usage of calcareous and dolomitic products used with lol)acco and similar 
crops, which may be subject to chlorotic magnesium deficienry, described by 
Garner and others (1). 

SUMMARY 

Leaching data from twenty-two lysimeters over a 5-year period are reported. 
Limestone, dolomite, CaO, and MgO unsu[)jffemented were added in equiva- 
lence to 2(KK) pounds of CaO per 2,(X)i),(XX) pounds of soil. Both CaO and MgO 
were also used unsuppicmented at the rate of 3750 pounds. At the same rale 
and also at 32-ton rate, the two oxides were used with a l(K)0-j)ound constant 
of sulfur added as FeSO^, pyritc and elementary sulfur. Many points as to 
periodicity of leachings are included in the text, but totals only will be stressed 
in the summary. 

The completely absorbed limestone addition increased the calcium outgo 
and had no positive effect upon magnesium leachings, while the dolomite 
addition decreased the calcium outgo and increased magnesium leaching. 

Both CaO additions increased outgo of calcium and depressed that of 
magnesium. 

Both MgO additions depressed decidedly the outgo of calcium, while increas- 
ing that of magnesium. 
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FeS04, unsupplemented j increased the loss of native calcium and magnesium* 
When supplemented with the light CaO addition, it doubled the increase in out- 
go of calcium. The CaO supplement depressed the solvent action of the FeS04 
upon native magnesium. Although increasing magnesium outgo, the light 
MgO addition was repressive to the solubility of native calcium. The heavy 
CaO supplement to FeS04 increased the calcium outgo and depressed that of 
magnesium to a point below the outgo from the control. Conversely, the heavy 
MgO supplement nullified the replacement tendency of MgS04 and depressed 
the outgo of calcium by 822 pounds. 

The unsupplemented pyrite acted as did FeS04 upon native calcium and 
magnesium. The light CaO also acted as it did when used as a supplement to 
FeS04, by accelerating calcium outgo and repressing the liberative tendency of 
the engendered CaS04. Conversely, light MgO, with pyrite, served to depress 
calcium outgo below that of the control, while increasing magnesium leachings. 
The heavy addition of CaO gave enhanced yields of calcium, but positive depres- 
sions of native magnesium outgo. In similar manner the heavy MgO supple- 
ment, with pyrite, was responsible for a marked decrease in calcium outgo, 
along with enhanced losses of magnesium. 

Sulfur alone caused increased losses of both calcium and magnesium, the 
losses agreeing closely with those from the FeS04 and pyrite controls. The 
leachings from the light addition of lime with sulfur contained still more of 
calcium and less of magnesium. The light addition of MgO increased magne- 
sium losses and almost nullified the liberative activity of the MgS04 formed by 
the accelerative action of magnesia upon the oxidation of the sulfur addition. 
The heavy lime treatment acted as it did with the other two sulfur carriers by 
increasing calcium losses and depressing magnesium outgo. Again, the heavy 
MgO supplement, with sulfur, exhibited a distinctly retar dative cScct upon 
alcium outgo, while increasing the leaching of magnesium. 

The 2000-pound-equivalent additions of CaO, limestone, and dolomite gave 
near-equal calcium-magnesium totals. The increases from these treatments 
amounted to only about one-fifth of the amounts added. The increases from 
CaO and limestone w’ere due entirely to calcium, while those from dolomite and 
MgO, were due to enhanced losses of magnesium, the calcium outgo having 
been less than that of the control. The 3750-pound additions of CaO and 
MgO proved augmenlive to totals, but reciprocally depressive upon outgo of 

native materials. . 

The losses of about one-fifth of the total unsupplemented additions at the 
2000-pound rate, and the progressively decreasing leachings, indicate that after 
absorption the added calcium and magnesium undergo aging and consequent 
decrease in solubility and availability. Such a result would be anticipated 
only where silicate complexes occur in considerable proportions. 

Possible practical applications of the findings are mentioned. 
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For the purpose of this discussion^ the expression ''soil solution^’ means the 
watery solution obtained from moist soil by the displacement method as de- 
scribed by Burd and Martin (1,2). The water extract of the same soils was 
made at the same time from another portion of the same homogeneous mass of 
soil by mixing with five times its weight of distilled water nearly free from CO 2 
and filtering through Pasteur filters. The procedure was essentially that of 
the United States Bureau of Soils (4, p. 10). 


DESCRIPTION OF THE SOILS USED 

Soils 18, 19, 20 and K are fine sandy loams from Kearney Vineyard near Fresno. They 
are very similar physically. Chemically, they differ in amounts of alkalinity and salinity. 
Soil 18 is highly saline, not alkaline, The others are somewhat alkaline and highly saline, 
except K, which is the same soil as 19 after most of the easily soluble matter had been removed 
by flooding and leacMng in the field. Soil Imperial is a fine sediment wntaimng considerable 
CaCOs. It is a composite of samples from Imperial Valley. Soil R is somewhat similar to 
Imperial physically and contains some CaCOs, but is probably residual. It is found near 
Riverside. Soil Colusa is a composite of samples of Willows adobe clay, obtained near 
Cortena. Soil SI is a sedimentary clay loam from Sutler Basin. Soil S2 is ^i^dar to bl, from 
the same locality, but contains less salts and more alkaUnity. It is very much deflocculamd, 
hence the solutions from it are obtained with great difficulty. 

method of obtalning the displaced solution 

The soil, previously moistened to about optimum for plant growth, is packed tightly into a 
brass tube tlee incL in diameter, seventeen inches Ion. ^ The lower end rs^^djy^a 
screw cap which supports a wire gaurc and filter paper on which the soil r ’ * 

is packed into the tube, about .00 cc. »; ^ a flw h^rs m ^Ilt L 

screwed into the pressure apparatus, ^^hen it has stoo ..lation out at the 

water to diffuse into ihc upper soil, air pressure is apphe o o electrical 

lower end of the tube. The percolate is colU.ted 

conductivity of each portion is determined. This is nearly that 

not raiaed with the displacing water. A consuiera ^e ^ j solutions are united 

the true soil solution is no longer being obtained. .Ill tin. like poruons 
to make the solution that is to be analyzed. 

The analytical methods emidoye.i were 
give accurate results. .Ml quautmes were found bt acl.iaiacie 
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by difference. Few determinations were duplicated, but the accuracy was 
checked by the “reaction values’’. 

In most cases, the error of analysis was well below 5 per cent. On account 
of having available only very small volumes of some of the solutions, it was not 
possible to repeat analytical work, and considerable percentage error is to be 
expected in determination of such small amounts as are involved in some of 
these cases. 

The method of calculating and using “reaction values” is given by Chase 
Palmer (3). By this means, the reacting power, or combining capacity, of 
each ion in the solution is given a numerical representation, expressed as 
percentage of the reacting power of all the ions in the solution taken as 100 
per cent. This permits giving the chief properties and general character of 
the water numerical representation so that one is readily compared with an- 
other by actual figures. 

THE RESULTS OF THE ANALYSES 

The figures in table 1 express the results in parts per million. In line A are 
given the amounts found in the 1:5 water extract as parts per million of the 
oven-dry soil. In line B shows the amounts given in line A as parts per 
million of the water which the soil contained at the time it was weighed out for 
analysis. In line C arc given the amounts found in the displaced solution. 
Now if there were no interfering factors, the quantities in lines B and C should 
be substantially alike. But in many respects, they are unlike, so that it 
appears that the vrater extract does not truly represent the soil solution. A 
brief consideration of the results will bring out the differences and relationships. 

Cakiim, There seems to be no apparent relation between the amounts of 
calcium found by the two methods, as exhibited in lines B and C. It might 
be expected that in a nearly neutral soil they would be similar, while in an 
alkaline soil more calcium would be found in the water extract than in the 
displaced solution because of the greater dilution. The figures obtained do 
not support this view. The amounts of calcium found in soils 18, K, Imperial, 
R, SI and S2 are somewhat similar in B and C, yet some are alkaline, some 
nearly neutral. For soils 19, Colusa and 20, the displaced solutions con- 
tained much more calcium than the water extracts. 

Magnesium relations are equally inexplicable. No law is apparent. 

Sodium. With the exception of soil Colusa, sodium found in the water extract 
is two to four times as much as in the displaced solution. This is probably due 
to hydrolysis of easily decomposed silicates in the presence of the larger pro- 
portion of water used for the water extract. 

Potassium. Except in soils SI and S2, potassium is much less in the dis- 
placed solution than in the water extract. It acts like sodium. The excep- 
tion in case of SI and S2 is seemingly unimportant, since the amounts found 
are almost within the limits of experimental error. The fact that more water 
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dissolves more potassium is of interest in plant nutrition, as indicating that 
more of this element may be made available by suitable soil treatment. 

Carbonate. This ion is evidently dissolved in proportion to the amount of 
water used, since the water extract contains much more than the soil solution. 
The small amounts shown in line C for soils 19, K, Imperial, Colusa and SI, may 
be due to the solubility of CaCOj in the relatively greater concentration of 
sodium salts in the displaced solution, The water extract is likely to give a 
very erroneous idea of the concentration of carbonate in the actual soil solution. 

Hicarhonate. This ion is niisrepresfcnted by the water extract even more than 
the carbonate ion. The actual soil solution is much better for plants than 
would appear from examination of the water extract. Bicarbonates are 
relatively insoluble. 

Sulfate. Two or more times as much sulfate is found in the water extracts 
as in the displaced solution. 

Chloride is more nearly similar in the two solutions, though somewhat lower 
in the displaced solution. 

IS Ur ate is also much alike in both. The apparent exceptions are probably 
due to imperfections in analytical work, and unrepresentative character of the 
solutions analyzed. 

Phosphate appears to foma a saturated solution in all cases, so that the 
amount found by analysis depends on the amount of water used in making 
the solution. The amounts found were within the limits of analytical error 
in some cases, so that it is not certain that there was any phosphate at all in 
some solutions. 

ACTUAL CONCEXTR-tTIOXS IN THE DISPLACED SOLUTIONS 

To one who is in the habit of considering the amounts found by the water 
extraction method calculated to the weight of dry soil, the concentration of 
solutes in the displaced solution may appear very great. Yet this latter is 
essentially the solution from which plants must draw their mineral nutriment. 
When one realizes the osmotic pressure and the possibly caustic or corrosive 
character of the disjdaced solution from some of these saline or alkaline soils, 
it is much more apparent why such soils are a very unsuitable medium for 
sujiport of plant life. 

GF.,OCnEMICAL CLASSIFIC.\TION OF THE SOLUTIONS 

A cursory examination of the analytical results shows that there is a larger 
proportion'of the salts of calcium and magnesium in the soil solution than 
in the water extract. But when the solutions are classified according to the 
system proposed bv Palmer (d) their relations and differences become much 
more evident (see table 2). According to this system, non-hydrolyzed salts 
produce salinity, hydrolysable salts cause alkalinity of water so utions.^^ 
either case, sodium and jrolassium give primary salts, calcium ant ma^nesiuin 
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secondary salts. When the sum of the reaction values of all the ions in a 
solution is regarded as 100 and the percentage of the whole in primary and 
secondary salinity, <and primary and secondary alkalinity is calculated, the 
relation between the composition of the water extracts and the displaced solu^ 
tions is clear. With little exception, the water extracts have higher primaiy 
and lower secondary salinity than the displaced solutions. Concurrently, 
the water extracts have higher secondary alkalinity than the displaced 
solutions. 


TABLE 2 

Geoc/iemical interpretation of the a^ialyses 


son N'OIBEa 

METHOD OF 

j obtaiminc the 

SOLUTION 

SALINITY 

ALICALINITY 

Primary 

Secondary 

Primary 

Secondary 

18 

j Extracted 

71.4 

21.8 

0.0 

6.8 


Displaced 

52.8 

44,8 

0.0 

2.4 

19 

Extracted 

83.6 

0.0 

14.4 

3.0 


1 Displaced 

70.4 

17.6 

10.0 

2,0 

20 

Extracted 

88,8 

0.0 

9.2 

1.9 


Displaced 

i 92.0 

4.4 

0.0 

3.3 

R 

Extracted ! 

62.8 

18.8 

5 .6 

17.4 


Displaced 

49,4 1 

38.4 

0.0 

11,8 

Imperial 

Extracted 

80.6 

4 2 

0.0 

16.2 


Displaced 

52.8 

43.2 

i 

0.0 

3.2 

i 

R 

Extracted 

94.4 

1 

0 0 

0.8 

4.1 

1 

! 

Displaced 1 

92.0 

6.5 

0.0 

1.5 

Colusa 

Extracted 

78,8 

15.2 

0,0 

7.0 


Displaced 

69.0 

28.6 

0.8 

i 2,2 

1 

SI 

Extracted 

52.6 

43.1 

0.0 

! 

3.7 


Displaced 

29.4 

67.9 

0.0 

3.4 

S2 

Extracted 

32.3 

0.0 

61,3 

i 6.4 


Displaced 

50.3 

0.0 

33.7 

1 15.0 


Secondary salinity is preferable to primary, in arable soils, therefore the 
picture presented by the water extract is less favorable than that given by the 
displaced solution. The actual condition in the soil is better than is indicated 
by the water extract. Secondary alkalinity is desirable, ])rimary alkalinity 
very injurious to soil. In this respect, the displaced solutitm indicates that the 
actual condition in an alkali soil is worse than would be expected from an 
examination of the water extract. Thus the water extract considerably nus- 
represents the actual conditions in an alkali soil. Bui it will be observed thaf 
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the total alkalinity, sum of primary and secondary, is without exception, much 
less in the displaced solution. So, on the whole, the displaced solution gives a 
considerably better notion of actual conditions in the soil, and a much more 
favorable impression as to the suitability of the soil for the support of plant 
life. It seems probable that the larger proportion of calcium and magnesium 
in the true soil solution is due simply to the greater solubility of their salts in 
solutions of sodium salts, than in water alone. 

Either method may be expected to reveal the principal defects of an alkali 
soil such as an excess of water soluble salts, or a low hydrogen-ion concentra- 
tion whereby Ca, Mg, Fe and PO 4 are likely to be rendered unavailable to 
plants. One thing in which the displaced solution is decidedly superior is in 
the comparatively true representation of the actual concentration of solutes 
in the soil solution, The water extract will not give a correct impression unless 
the amounts found are calculated back to the concentration they would have 
in the actual soil moisture, and in the case of most of the ions, except Cl, NO3 
and perhaps Na and K, this is likely to give a distorted picture of actual 
conditions. 

SUMMARY 


1 . Nine different alkali soils have been examined by the two different meth- 
ods, water extraction and displacement, and the analytical results on the two 
solutions compared. 

2. The data indicate that the water extract does not represent the actual 
conditions in the soil Carbonate, bicarbonate, and phosphate are greatly 
overestimated in the water extract. Chlorine, nitrate and sodium may be 
approximately correct, sulfate and potassium arc much overestimated, and 
calcium and magnesium may be either high or low. 

3 . The actual concentration of solutes in the true soil soluUon may be much 
greater than is generally realized by one accustomed to thinking in terms of the 

amounts found in 1 : 5 water extracts. 

4 The geochemical classification shows that the water extracts contain 
relatively larger proportions of sodium salts and less of calcium and magne- 
sium salts thL the true soil solution. The latter makes the soil appear more 
favorable for plant life than does the water extract method. 
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A detailed method has been worked out for determining in the soil those 
cations which are present in the organic and mineral parts of the soil in an 
absorbed condition, by replacing them with the ammonium ion of ammonium 
chloride (1). This method is basic, since it doubtless gives the kind of cations 
present in the soil in an absorbed condition and their concentrations. But this 
method has its faults: It requires a considerable period of time, is expensive 
and the determination itself of the bases extracted from the soil by a solution 
of NH 4 CI represents certain difficulties due to the presence of large quantities 
of NHl ill the solution. 

The author's investigations (soon to be published) on the action of cold, dilute 
concentrations of hydrochloric acid upon the soil, suggest a simpler, more 
convenient and cheaper method. The method is based upon the fact that, 
on treating the soil with HCl not stronger than 0.05 N, there is an exchange of 
cations between the Inairochloric acid and the zeolitic-humic part of the soil, 
but not the formation of a solution. 

The analvsis is carried out as follows: 5-25 gm. of soil, depending on the 
abundance of absorbed bases in the soil and details of analysis, are treated in 
the cold with 25-50 cc. of 0.05 N HCl (exactness is not necessary here) in a 
small porcelain dish, and the suspension is then transferred upon a l^er, 
(hardened paper no. 602) in a funnel, using the same 
washed with the same acid until the filtrate shows no trace o ‘ . 

useless to make the test before about 300 cc. of filtrate is obtained. In making 
test, one has to keep in mind that the HCl extracts -e ^ 
should, therefore, be carried out as follows the ^ 
ammonia, warmed to boiling, some oxalic acid is added 
tated Al(OH)s is redissoleed, then sonr_e of 

The filtrate is treated as follows: it is ti,e residue 

some nitric aci<l. the fdS'ed fit dilute HCl ’on wanning 

is dried for 30 minutes at U.vd. O C., Ti'iavnesium in the 

and the SiO= is filtered oil. To determine of 

filtrate, the iron and aluminum have to be prccipi 
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1.0 N solution of NH 4 CI should be added to the liquid to make the filtration 
of the higher oxides. In determining the alkalies, the higher oxides and 
magnesium are separated by lime water. All these operations are carried out 
as soon as possible, since it is easy to contaminate the replaced bases by others. 

There is basis to suppose that in soils greatly podsolized, where it seems that 
the formation of new absorbing complexes takes place in several horizons, the 
hydrochloric acid, even in the low concentration, may destroy to a certain 
extent this newly formed mineral-organic complex. 

REFERENCES 

(1) Gedroiz, K. 1918 On the method of determination of zeolitic bases in the soil. In 
Zhur. Opit. Agron., v. 19, p. 226. 
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There are three distinct groups of organisms common to an ordinary soil 
which can readily be distinguished on gelatin plates. The names that have 
been applied to these groups are: actinomyces, non-spore-formers, and spore- 
formers. Much interesting information has already been gained concerning 
these organisms but there are still many things which need investigating. 
The author thought that some interesting data could be procured from a study 
of the effect, on the groups, of green manure at different stages of growth. 
The following experiment, therefore, was performed. 

Rye, oats, and buckwheat were harvestedat three different stages of growth, 
and cut into pieces about one inch in length. These pieces were incorporated 
with soil at the rate of five tons of green manure to the acre. The soil was 
then put into gallon pots filled with Dunkirk clay loam. Two series differing 
in decomposition periods were run. One was allowed to decompose for twelve 
months the other for four months. The moisture content was kept at twenty- 
five per cent (dry basis) and a temperature of 28"C. was maintained in the 
vreen house during the whole experiment. After this incubation treatment, 
Se -re taken and dilutions made at the rate of 1-100,000. AU treat- 
ments were made lu triplicate and for each pot triplicate gelatin plates were 
poured, thus giving nine poured plates of each manuring trcatmeid The 
medium was made with 1000 cc. tap water and 10 gin o gelatin, J 

tion of this medium was 0,005 .V acid to pheno phthaleim P a 

were incubated at 18=C. for 10 days. Counts were then “ o 

groups of organisms, i.e., actinomyces, non-spore-formers, and spore-formers. 

From the data presented it will be noted that. 

3. In general the younger the manure added, t g 

actinomyces developed in proportion to others. 

4. SpL-formers were influenced proportionate y 

5. The actinomyces group was influenced to ® . j ; { the 

actinomyces group of organisnii^ is that oi 
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Inasmuch as the three groups are constant for a normal soil, — and it ap- 
pears that each outside influence has a specific effect upon the ratios of the 
gro^ips, — perhaps a study of the effect of the numerous types of soil treat- 
ment may show as many different ratios. If so, this would aid in interpreting 
various soil phenomena or, at least, suggest a mode of attack in the solution 
of some of our soil problems. 


TABLE 1 

Organisms pcf gram of dry soil after treatment udth rye as a green manure 


STAGE OF GKOWTH OF RVE 


AVERAGE NUMBER OF ORGANISMS PER PLATE 


Actinomyces Spore-fonners 


A fter hvelve months humification 


Check 

i 1,900,000 

2,000,000 

300,000 

Boot stage 

' 2,371,200 1 

2,918,400 

729,600 

Well headed 1 

1,750,000 I 

675,000 

500,000 

Almost ripe | 

1,200,000 ! 

650,000 

300,000 


After four months hmifoation 


Fully headed ' 

5,000,000 ■ 

i 4,300,000 i 

400,000 

Heads turning yellow ' 

3,200,000 ' 

j 1,900,000 i 

500,000 

Ripe ' 

2,000,000 ■ 

2,000,000 ! 

200,000 


TABLE 2 

Organisms per gram of dry soil after treatment u-itk oats as a green manure 

i AVERAGE NUMBER OP ORGANISMS PER PLATE 
STAGE OF GROWTH OF OATS ] — ^ ^ 1 

I Actinomyces ; ^*for^r7' ! Spore formers’ 


After heehe months humification 


Check I 1,900,000 I 2,000,(K)0 | 300,000 

Preceding boot stage i 2,100,000 [ 650,000 j 300,000 

Late boot stage i 1,800,000 i 450,000 260,000 

Almostripe ^ l,5rX),000| 400,000 I 210,000 


After four months himifieiiiion 


Well headed | 3,000,000 j 2,300,000 | 200,000 

Turning yellow ' 2,700,000 I l,700,fKX)! 300,000 

Ripe ' 1,900,000 I 1,500,(0)^ 300,000 
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TABLE 3 

Ofianisms per ^rmn of dry soil after treatment loith buckwheat as a green manure 


AVERAGE NnMBER 0? 0EG.A.NIS1IS PEE PLATE 

STAGE OE GRO-ft-rH OF BOCKWHEAT 

j Actiaomyces j ! Spore-formers 


After twelve months humification 


Check I 1,900,000 I 2,000,000 ' 300,000 

Just blossoming j 3,800,000 ] 900,000 | 430,000 

Wellblossomed | 4,100,000 i 1,800,000 i 200,000 

Just going to seed j 3,500,000 | 1,650,{)(X) ! 175,000 


After four months hiimif cation 


Well blossomed ! 4 , 000 , 000 ’ 2 , 100 , 000 I 100,000 

Seeds forming ^ 6 , 100 , 000 | 2,100,000 ; 200,000 

Ripe ' ■ 3,100,000 : 2,000,000 1 200,000 
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INTRODUCTION 


Sulfur applied as a fertilizer to certain soils in Oregon and elsewhere has 
greatly increased crop yields. Several types of soil in both southern and 
eastern Oregon show remarkable response to elemental as well as combined 
forms. Increases of 110 to 500 per cent in alfalfa yields are frequently ob- 
tained in these sections by comparatively light applications of cither flour 
sulfur or gypsum. That several soil types in these same localities do not 
respond to sulfur fertilization is hardly less striking, especially in those in- 
stances where they are not only apparently similar to adjacent untreated 
responsive soils, but also practically the same in crop producing power. 

The role of sulfur in soil fertility is a varied one. Primarily it is an essen- 
tial plant food element but as such it is available to crops only in sulfate form. 
Sulfohcation, or the oxidation of unavailable forms of sulfur to the available 
sulfate, results in the formation of sulfuric acid, which affects other constit- 
uents and processes of the soil The accompan>dng increase in hydrogen- 
ion concentration also iniluences the soil as a culture medium, and, as demon- 
strated by a number of investigators advantage may be taken of this feature 
to control the potato scab fungus. Sulfur may thus have an indirect as well 
as a direct fertilizing action on plant grmvth. In the instances cited herein 
its effect is not indirect, judging from evidence at hand. 


HISTORICAL 

Various sulfur fertilisers, as sh«™ by Erorvn 
ammouif, cation in certain soils under laboratory condnrons, 

Ames and Ricl.mond (2) and by Amos (1) but these S^y^lereatfd, the 

and alkaline soils ns ammrmihcation ras They have also pointed 

depression being less as acidity decreased am s accompany decreasing amounts 

out that increasing quantities of ammoiuaca ni ro„ indication of sulfofication with 

of nitrates when sulfur is osidia^ Ilonia and nitrates 

a stimulating effect on ammonification. d neutralize the sulfuric acid produced 

is held to be duo to a lack of suiTicient basic remains as ant- 

in sulfofication, with the result that ’ “ dover feed heavily on nitrate 
monium sulfate instead of iicing mtntkd. ^ < ..ikniinc soils it is apparent that 

nitrogen, therefore thriving ‘o best advan.^e » -'^her to favorable 

the action of sulfur on ammonihcation and 
where these leeumes arc concerned. 


479 



480 


W. V. HALVERSEN AND W. B. BOLLEN 


Solvent action of the sulfuric acid produced in sulfur oxidation may increase soil fertility. 
That sulfofication has a solvent action on unavailable phosphates has been shown by Lipman, 
McLeaUj and Lint (7). Nitrogen fixation, symbiotic and nonsymbiotic, may thus be in- 
directly stimulated; several investigators, notably Ashby, have pointed out that available 
phosphorus increases this soil function. According to Chauzit (4) the benefits obtained 
from sulfur fertilization on certain soils in France are due to its rendering soluble and readily 
assimilable the fertilizing elements of organic matter and some mineral substances. This 
action, however, varies with the quantity of sulfur applied and with the length of time of 
contact with the soil, best results having been obtained with 300 to 500 pounds of sulfur 
per acre applied as far as possible in advance of the time when the plants are most in need 
of nutritive elements. 


REASONS FOR THIS INVESTIGATION 

Where applications of only 100 pounds of sulfur per acre to Oregon soils 
give marked increases in yields over a period of three years, the solvent effect 
can be of little importance. This is further supported by the fact that re- 
sponse is noticeable within a few weeks after the sulfur is applied in the spring 
just previous to seeding. Either flour sulfur or gypsum is used in this manner 
with equal effectiveness. The use of gypsum which is not subject to sulfofica- 
tion eliminates any solvent action. 

It would seem, therefore, that sulfur fertilizers act directly by supplying 
a limiting plant food element. This is to be suspected also from chemical 
analyses, which show that the responsive soils are comparatively low in total 
sulfur, the amounts ranging from 0.006 to 0.024 per cent. The location of 
these soils precludes any appreciable factors affecting their sulfur content. Not 
only is the rain-fall light, averaging 17 inches per year in the Aledford area, 13 
inches in Klamath Falls vicinity, and 8 inches in the Columbia basin region, 
but it is also relatively low in sulfur content since the regions are sparsely 
settled and practically free from coal smoke. For the same reason the irriga- 
tion water, w^hich comes from melting snow on surrounding mountains, is 
likewise probably low in sulfur. 

Reasons for no response from sulfur fertilizers when applied to certain 
soils may be several. The soil may contain an ample supply of sulfates, in 
which case if a low crop-producing power exists there must be some other 
limiting factor. If a soil responds to sulfate fertilizers but not to elemental 
sulfur, it is evident that conditions for sulfofication are unfavorable. 

Since sulfofication is largely a microbiological process, primarily a function 
of certan soil bacteria and fungi, any differences in its extent may be due to 
variations in physiological efficiency or to relative numbers of the micro- 
organisms involved. On this basis inoculated sulfur or sulfur composts 
containing bacteria of high sulfur-oxidizing efficiency would be of great eco- 
nomic value. In general farm practice an application of this material would 
be desirable on soils low in available sulfur and low in sulfur-oxidizing effi- 
ciency. Its need under Oregon field conditions would be indicated only on 
soils which respond to sulfates but not to unavailable forms of sulfur. 
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Variations in physiobgical efficiency, or in relative numbers of sulfofying 
organisms can be ascribed to environmental factors, of which the total sulfur 
supply in the soil may be important. It is reasonable to suppose that a de- 

ficiencyofsufurwouldatleastreducethe number of obligate supers, prob- 

^ the f “ facultative sulfofiers, and also reduce their efficLcy 

as the stimulus for maximum activity would be lacking. An ample sulfur 
supply, on the other hand, would furnish food for a maximum number of 
sulfofying inicroorgamsms and enable them to develop their highest efficiency, 
other conditions being favorable. ^ ^ 


The depth and physical condition of the soil must be taken into account 
however when considering the relation of sulfur supply to crop yields! 
Two soils may show on analysis the same percentage of sulfur but while one 
may respond to the application of sulfur the other may not solely because 
of a difference m depth or physical condition. This has been emphasized 
by Reimer (9), who pointed out that a deep mellow soil provides new feeding 
areas for plant roots several years after a shallower soil has become exhausted, 
and that sulfofication is probably able to proceed more rapidly in mellow 
soils because of better aeration. 


PLAN OF INVESTIGATION 

To determine any relation that certain factors connected with sulfur supply 
and sulfur transformation in a soil may have to response obtained from sulfur 
fertilization, the investigation herein reported was conducted. The specific 
aims in view were the following: 

1. To determine the sulfobing power of representative soil tvpes and to find if this power 
is low or lacking in types not responding to sulfur fertilization. 

2. To find a relation between total sulfur content and sulfofying power. 

3. To find a relation between suliofyng power and sulfate content. 

4. To find a relation betvreen total sulfur content and sulfate content. 

5. To find if any relation exists between the hydrogen-ion concentration and the sulfofying 
power of the soil. 

6. To find any relation existing between the sulfur oxidizing power and the buffer value 
of the soil. 

7. To correlate if possible any relation betw'een the texture of the soil and its buffer value. 


COLLECTION OF SAMPLES 

Samples of fourteen soil types representative of four distinct areas of Oregon 
were obtained for study. E.xcept for two samples obtained locally, these were 
collected and sent in by persons other than the investigator. Clean cement 
bags were supplied as shipping containers and proper instructions for col- 
lection were given to insure representative samples free from undue con- 
tamination. 

Samples from the irrigated Columbia basin district were sent in by 
H. K. Dean, superintendent, Umatilla branch experiment station. Southern 
Oregon samples were furnished by F. C. Reimer, superintendent, Southern 
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Oregon branch experiment station. F. H. Thomas, county agent for Kla- 
math County, submitted the central Oregon samples. A muck sample, 
representative of a large area in Marion County, was obtained through C. V. 
Ruzek, professor of soil fertility, Oregon Agricultural College, and two other 
Willamette Valley samples were collected on the college farms. A descrip- 
tion of the various samples follows. 

COLUMBIA BASIN SOILS 

1. UmaHHii station, check plot. Medium sandy soil, which, being light and arid, is natu^ 
rally deficient in organic matter and plant food. Rotations and feeding of crops on the land 
are necessary to maintain and increase fertility. Sample taken from a field which has pro- 
duced alfalfa for ten years. 

2. Umatilla station, sulfared plot. Same as sample 1 except that sulfur at the rate of 
too pounds per acre was applied in March, 1919, resulting in no increase in yield of alfalfa. 

3. Stanfeld project, check plot. I'inc sandy soil of same origin as sample 1 to which it is 
apparently similar in all characters other than texture. It also has produced alfalfa for 
ten years. 

4. Stanfield project, sulfiircd plot. Same as sample 3 but sulfurcd at the rate of 100 pounds 
per acre in March, 1919. A large increase in j-ield of alfalfa resulted. 

SOUTHERN OREGON SOILS 

5. Salem clay loam, check plot. A deep, fertile, clay loam containing 21 per cent of clay 
and 40 per cent of silt. Though distinct from adobe it becomes sticky when wet and hard 
when dry. The potassium, calcium, and magnesium content is high. The nitrogen supply 
is fair in the surface soil but low in the subsoil. The amount of ph(isphorus and sulfur pres- 
ent is low. Alfalfa grown on this soil has a pale, yellowish-green color, and the growth is 
so poor that weeds often outgrow the alfalfa. 

6. Salm clay loam, sulfurcd plot. Same as sample 5 but has received two applications of 
sulfur at the rate of 100 pounds per acre, the hrsL in 1915 and the second in March, 1917. 
The response to sulfur was remarkable. The alfalfa became a dark, rich green color, grew 
luxuriantly, and was practically free from weeds. 

7. Medford loam, check plot. This soil is a deep, fertile, brown silt loam well supplied with 
potassium, calcium, magnesium and nitrogen. The phosphorus content is low. There is 
also a deficiency of sulfur. Xo response has been obtained from any sulfur fertilizer on this 
soil type. 

8. Antelope clay adobe, check plot. This is a deep and well drained heavy, black, adobe 
soil. It has a high water-holding capacity and is of a sticky nature. In late summer it 
becomes dry and hard and checks badly. Potassium, calcium, magnesium, organic matter, 
and limestone arc present in abundance. The content of phosphorus and sulfur is low. 
Alfalfa grown on this soil has a pale yellowdsh color and grows poorly. This crop responded 
rapidly to sulfur fertilizers with greatly increased yields and a rich, dark green color in the 
vegetation. 

CENTRAL OREGON (KLAMATH COUNTY) SOILS 

9. Allamonl ranch, check. Fine sandy loam taken from a field where no sulfur has been 
apf)lied. Sulfur applied to adjacent fields ha.s not produced noticeable results. 

10. Case ranch, check. Fine sandy loam soil which would probably respond to sulfur, 
judging from increased yields obtained with sulfur on neighboring fields. 

11. Case ranch, sulfurcd. Fine sandy loam located near sample 10. Sulfurcd two years 
ago at the rate of 100 pounds per acre. Alfalfa yields were increased by the treatment. 
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WILLAMETTE VALLEY SOILS 

12. Willamette silt loam, check plot. Brown silt loam soil, well drained, acid in character. 
It is well supplied with calcium nitrogen, potassium, and phosphorus, and has a fair content 
of sulfur. Sulfur has been used as a fertilizer on this soil type. The field from which the 
sample was taken has produced one crop of vetch and oats and one crop of com. No fer- 
tilizers have been applied. 

13. Dayton silt loam, check plot. A gray soil on stiff, gray and yellow mottled subsoil 
with poor drainage. Calcium, nitrogen, and potassium are present in ample amounts, but 
there is a deficiency of both sulfur and phosphorus. Noticeable results are obtaim^d from 
top dressings of gypsum on clover, 40 to 80 pounds being the usual rate of application j)er 
acre. The plot sampled has grown vetch and oats two years and has been top dressed twice 
with gypsum at the rate of 80 pounds per acre. 

14. Muck. This soil is high in organic matter and nitrogen content. Sulfur, and cal- 
cium are abundant but phosphorus and potassium arc low and often limiting factors. Sulfur 
is not used as a fertilizer on this tj^e, although it is carried in superphosphate, which is 
frequently used in amounts as high as 500 pounds per acre as a source of phosphorus. I'lie 
field from which the sample was taken is devoted exclusively to the production of onions. 


As soon as the samples were received at the laboratory they were air dried, passed through 
a 10-mesh sieve, and stored in two- and four-gallon glazed stoneware crocks fitted with card- 
board covers. 

Optimum moisture content for all incubation studies was taken as 50 per cent saturation, 
Stdfojication. The sulfofying power of each soil was tested by adding sodium sulfide or 
sulfur to duplicate 100-gm. portions of soil and determining the amount converted to sul- 
fate within a definite period of lime, 7-14 days. In some tests 100 mgm. of flour sulfur were 
used while in others one cubic centimeter of a 10 per cent sodium sulfide solution was used. 
At the close of the incubation period the soils were tested quantitatively for sulfates by the 

turbidity method of Schreiner and failyer (10, p. 54), 

Clarikotion of soil exirads. After water digestion all the soils except the heavy days 
gave filtrates more or less yellow in color. Since this color interfered with the turbuiily 
determination for sulfates a means for its removal was imperative. 

Bone black was first tried and 2 or 3 gm. of the chemically pure powder was added 
filtrate, which, after thorough agitation, was filtered through a Gooch crucible. This was 
fairly successful but with the more highly colored solutions the treatment had to be repealed 

rr «... r 7 

added until prec.pilution was complete. z-litet portions ol 

„ ... 1;;:: 

distilled water, the wash water being decanted at er me no 

1 liter. After the third w.ashing 1 liter of .sU«cd i,,„ed 

iusted to approximately 7.2 with ion t ul 

water was then added, making three I""* " * i prepared, amounts varjdng from 
Of Uie thomughly shaken hydroxide ™ ,,,,, e.voept 

10 to 20 cc. according to tlie soil ^\erc foum ^ v„„;nnin 2 of digestion or just previous 

with muck, when added to the solutions cit er a ic suspension, but amounts 

tofiltering, Rlt--cs from muck were readily larilwdwi^^ 

up to 60 cc. added before filtering would not gne a 
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Total sulfur. The total sulfur content of each soil was determined by fusion with sodium 
peroxide in an illium bomb (Parr sulfur bomb). This method has the advantage of requiring 
much less time than fusion in an open crucible, but considerable difficulty was encountered 
in securing a satisfactory routine and the lack of agreement obtained between duplicates 
leaves something to be desired. It is probable, however, that had more time been devoted 
to a study of variations ii. routine it could have been made to yield results entirely satis- 
factory. Notwithstanding variations of as much as 20 per cent between duplicates the 
data may be considered comparative and as serving the purpose of this investigation. 

Blank determinations were made to obtain a correction factor for the sulfur in the chemi- 
cals used in making up a charge. 

Hydrogen-ion concentralion. The hydrogen- ion concentration was determined by the 
colorimetric method. The solutions to be tested were secured by agitating 100 gm. of the 
soil with 200 cc. of distilled water and removing the soil particles by filtering through filter 
paper or a Chamberland filter. 

TABLE I 


Oxidation of sodium sulfide 




MOISTURE 

SULPUR AS NajS OXIDIZED 

SOIL KirMBEl 

SOIL TYPZ 

REQUIRED FOR 





SATURATION 

In 7 days 

In 14 days 



per cent 
air-dry at. 

per cent 

percent 

1 

Medium sand 

28.1 

26 

19 

2 

Medium sand 

29.7 

26 

21 

3 

Fine sand 

25.9 

27 

23 

4 

Fine sand 

29.4 

18 

21 

5 

Clay loam 

38.7 

3 

11 

6 

Clav loam 

40.7 

15 

20 

7 

Loam 

31.1 

10 ; 

23 

8 

Clay adobe 

52.6 

4 1 

8 

9 

Sandy loam 

41,4 

25 1 

17 

10 i 

Sandv loam 

37.6 I 

16 

16 

i 

Sandy loam 

i 40.9 

20 ' 

18 

12 ; 

Silt loam 

1 50.0 

2 

30 

13 i 

Silt loam 

40.1 

4 : 

8 

14 1 

Muck 

j 225.5 

26 



RESULTS 

Oxidation of sodium sulfide. That the water-holding capacity is in inverse 
ratio with the sulfur-oxidizing power on soils of low organic content is a 
general conclusion that seems apparent from table 1 and figure 1. This does 
not hold true for the muck soil 14. Since most Oregon soils are of the semi- 
arid type and naturally low in organic content this conclusion becomes more 
significant. 

All soils tested showed considerable efficiency in oxidizing sodium sulfide. 
A greater yield of sulfates was secured in the coarser textured soils. More 
sulfate was found at the end of seven than at the end of fourteen days in the 
light sandy soils. It is quite probable that these soils contain very little 
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buffer hence the hydrogen-ion concentration would soon become strong enough 
to retard oxidation and possibly favor the development of sulfate consuming 
organisms. 

Snljojicalion of flour sulfur inoculated sulfur. The norma! Oregon held 
application of sulfur is 100 pounds per acre. This is applied as long as pos- 
sible before the crop is planted. In some semi-arid sections county agents are 
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Fig. 1. Watee-holdikg Capacity act Smira Oxidaiiox 


recommending that it be applied ^ conditions 

season in the following spring. Ijnd r ^ ^ 

the fact that a limiting plant food dement is bemg \ 

sideration, the control of potato scab and liberation of phosphorus po 
slum being of secondary consideratiM. conditions, 

Since preliminary tests are showing ^ becomes of value to 

sulfur is giving some remarkable increasa in y ’ ^ j,ow 

determine the rapidity with which the sulfur is oxidized, so 
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long before planting the sulfur must be applied. Much waste of soluble 
sulfates might thus be eliminated. It is under such conditions that a readily 
ojddizable source of sulfur would prove of greatest value. 

The inoculated sulfur tested was supplied through the courtesy of Dr. J, 
G. Lipman, director of the New Jersey agricultural experiment station. 
This material seems to be effective in stimulating sulfur oxidation and in 
several cases it was more completely oxidized than was flour sulfur by the 
same soil. It is evident that the relative oxidizing powers are not altered 
by inoculated sulfur. 

Table 3 and figure 2 give a comparison between the total sulfur content, 
the sulfate content and the sulfur-oxidizing efficiency. The total sulfur 
analyses show that all soils except the muck soil 14 are low in total sulfur. 


TABLE 2 

Stdfojkation of flour sulfur vs. inoculated sulfur 


1 

somnnaEK i 

SDUATES 

AMOONT OnDIZSD 

Stall* 

CLcck 

Flour sulfur 

Inocuiated 

1 sulfur 

Flour sulfur 

Inoculated 

sulfur 


p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

per cent 

per unt 

1 

15 1 

50 

1140 

1032 

36 

33 

2 

22 

68 

1596 

• 1200 

51 

38 

3 

27 

52 

876 

1128 

28 

36 

4 

56 

336 

1848 

2256 

50 

64 

5 

26 

44 

276 

312 

8 

9 

6 

36 

52 

408 ' 

540 

12 

17 

7 

18 

54 

432 

480 

13 

14 

8 

30 

64 

156 

180 

3 

4 

9 ! 

76 

194 

648 

888 

15 

23 

10 

1 47 

I 74 

1 444 

1 840 

12 

26 

11 

1 94 

119 

1 708 

1 1176 

23 

35 

12 

! 496 

648 

i 948 

; 948 

10 

10 

13 

' 25 

34 

100 

140 

2 

4 

14 

239 

444 

2280 

1876 

61 

48 


* Sulfates in soil used for sulfofication test. 


The figures given are averages of triplicate determinations. No apparent 
relation exists between the total sulfur content and the sulfur-oxidizing power. 
An interesting fact is that the field application of sulfur to Umatilla sandy 
soil 2, and Stanfield fine sand 4, had little or no effect on the total sulfur con- 
tent yet the sulfur-oxidizing power was stimulated by making the soil a favor- 
able medium for the growth of the sulfur oxidizing bacteria. The sulfate con- 
tent was higher in soil 4. This soil is not subject to extensive leaching like 
soil 2. In comparing soils 5 and 6, Salem clay loam, it will be seen that the 
field application of sulfur caused only a slight increase in the sulfur-oxidizing 
power and that the total sulfur and the sulfate content were not affected. 
This soil gave a remarkable increase in the yield of alfalfa when 100 pounds of 
sulfur was applied in 1915. This plot was sulfured again in 1917. Despite 
the low sulfur content of soil 7 (Medford loam) this soil has failed to show 
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The fine sandy loam soils of Klamath County vary widely in then total 
sulfur content Soil 9 was taken from an unskrTd area wLfu r» 
restmnse to sulfur was apparent. This may be explained by the high sulfur 
content Sampte 10 and 1 from the Case ranch show little variation. The 
application of sulfur stimulated the sulfur-oxidiaing power of soil 11 despite 
the lower total sulfur content. ^ 

The Willamette Valley soils 12 (Willamette silt loam) and 13 (Dayton silt 
loam) have a comparatively high total sulfur content and a low suhur-oxidiaing 
power. The low sulfur-oxidizing power especially in the Dayton silt loam is 
due to the fact that the soils are heavy, and it seems apparent that aeration 


TABLE 3 

Motion beticemi Md sulfur, sulfate conUmi and sulfur oxidizini power 


son. KUHSEK 

TOTAI, SULf Uft 

SUWATE COSTEHT 

SDuuR oxiurw) 
re 14 DAYS 


1 Pwlr per fniUion 

per lent 

■ Paris per miilion 

1 per cm 

1 

i 55 

Q.Q06 1 

14 

28 

2 

55 

0.006 

18 

39 

3 i 

145 

0.015 

21 

21 

4 ' 

no 

0.011 

115 

38 

S 

155 i 

0.016 

25 

1 

6 

135 ! 

0.014 

23 

10 

7 

80 

0.008 

IS 

11 

S 

110 

0.011 

24 

2 

9 

235 

0,024 

64 

11 

10 i 

144 

0.014 

42 

9 

11 

110 

0.011 

94 

16 

12 

274 

0.028 

526 

7 

13 

164 

0,016 

21 

2 

14 

780 

0.078 

296 

36 


is one of the most essential factors to sulfur oxidation. Sample 14 (muck) 
has a high sulfur-oxidizing power and a high total sulfur and sulfate content. 


THK BtJEFER VALUES OE THE SAMPLES STUDIED 

Recently an article by Joffe and McLean (6) reported work along some- 
what similar lines. The samples of soil used by them came from the southern 
Oregon region and with one exception were heav\’^ soils. Some of these same 
soil types are used in this experiment along with soils of varying physical and 
chemical composition from three other regions. With the exception of sam- 
ples 12, 13 and 14 these soils all came from semi-arid irrigated sections. 

The suUur used in this experiment was equivalent to one ton per acre. 
That this amount is excessive can easily be deduced from the previous men- 
tion that 100 pounds of sulfur per acre gives an increase of several hundred 
per cent on some of these soils when applied to alfalfa. 

The ability of the heavy soils to neutralize the acidity formed t ® 

oxidation of cuUnt. mEu a tn wEirh n romnarison is made between 




Fig. 2. SuLpmt, Sulfates and SuL7UR-oxa)i2iNG Powai 


Table 4 also points to the fact that inoculated sulfur is oxidized more rapidly 
than uninoculated sulfur. Since the value of sulfur when applied to alfalfa 
in Oregon lies in the fact that a limiting plant food element is being supplied 
and that all soils studied have a strong oxidizing flora* our data does not 
show any appreciable margin between the commercial values of the two 
forms. 

There are slight discrepancies in the data presented in regard to reaction 
as well as to the yield of sulfates. This is to be expected. Variations in the 
compactness of the soils in the tumblers and wide experimental factors in the 
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TABLE 4 


Buffer gualiiks of soUs studied 


3 

pa 

o 

a. 

< 

TYPE OF SOtt 

o 

< 

■< 

g 

H 

S 

o 

incubated 1 MONTH 

incubated 2 MONras 

INCUBATED 4 MONTHS 

Flour 

suUuc* 

Inoculated 

sulfur* 

Flour 

sulfur* 

Inoculated 

sulfur* 

Flour 

sulfur* 

Inoculated 

sulfur* 

c 

o 

in 

,2 

g'^“ 

a 

« 

O 

0 “ 

GO 

c 

U 

O 

O ^ 

c/2 

J 

« 

” 0 

0 « 

GO 

Q 

8- 

y 

0 * 



pn 

pn 

msm. 

pn 

mgm. 

PB 

mgm. 

pn 

mgm. 

pB 

mgm. 

pn 

mgm. 

1 

Medium sand 

1.2 

6.0 

57.1 

6.0 

100.0 

6.2 

100.0 

5.4 

80.0 

5.0 

261.0 

5.0375.0 

2 

Medium sand 

7.06.2.111.3 

5.9 

t07.7 

5.4 

160.0 

5.1 

89.0 

5.0 

400.0 

4.6400.0 

3 

Fine sand 

7.1 

;6.o 

, 76,9 

5.9 

66.7 

5.8 

80.0 

5.9 

80,0 

4 . 6 I 3 OO.O 

4.6500.0 

4 

Fine sand 

6.8;6.0: 83.3 

5,9 

105.2 

5.4 

123.0 

5.2 

89.0 

4.9 

400.0 

4.9 

428.0 

5 

Clay loam 

6. 46, o' 66.7 

5,9 

100.0 

6,4 

89.0 

5.9 

89.0 

5.5 

533.5 

5.5 

400.0 

6 

Clay loam 

6.8'6.2' 58.8 

|5,9 

74.1 

6.4 

89,0 

5.9,133,3 

5.2 

222.0 

5.8 

300.0 

7 

j Loam 

6.9y4 66.7 

5.8 

74.1 

6.0 

42,1 

1 6.2 

160.0 

5,0 

500.0 

5.6 

222,0 

8 

Clay adobe 

6. 7, 6. 6: 26,2 

5,9 

43,5 

6,8 

45.7 

6,6 

80,0 

6.2 

286.0 

6.4 

318,0 

9 

Sandy loam 

6.: 

;6,i; 41,2 

■l5 9 

47.1 

1 6.4 

40,0 

6,0 

48.8 





10 

Sandy loam 

i6,4h.2; 33.2 

6.0} 57.2 

Ij 6.4 

40, 0| 5.9 

84.3 

5,6 

272.5 

1 5.8 

300.0 

n 

Sandy loam 

j6,46.4 100.0:5.5|I07,7i 6.6 

jl77,8| 6.3 

84.3} 5.21375.0 

5.8400,0 

12 

Silt loam 

15,6 5,6 33.2':5.6| 55.6! 

; 57.2' 5,^ 

1 67,7; 5.8:127.7; 5.4333.5 

13 

i Sill loam 

;5.S 5.9 28.6 5,91 6.2! 5.9 32. 

1\ 6,2: 29,6' 5.0:i58,0l 4.8 

153.7 

14 

1 Muc'k 

ks , 

t 5 . 

5, 46.0;5.6i 52.2; 5,$ 

5| 57,2: 5. 

4 37.6; 5.2}l20.0; 5.2 

160.0 


*()ne hundred grams of sulfur used to each 100 gm. of soil in a glass tumbler. 


CONCLUSIONS 

1. All soils included in the investigation are capable of oxidizing sodium 
sulfide and Hour sulfur. While there is considerable variation between soils 
in sulfur oxidizing efilciency all appear to be efficient enough to oxidize enough 
sulfur to supply the needs of starving plants within a comparatively short 
time. 

2. A general relation e.xisls between sulfofying power and sulfate content, 
curves representing tbc>e running more or less parallel. 

d. No relation is apparent between total sulfur content and sulfofying 
power. 

4. No relation exists between total sulfur content and sulfate content. 

5. Application of sulfur to a soil tends to increase the sulfur oxidizing 
efficiency of that soil, 

6. InocuhUed sulfur stimulates sulfofication, but for the soils studied its 
need is not indicated. 

7. Tem[)craturc and aeration are important factors affecting sulfoHcation, 
an increase in either lending to increase the rate of sulfur oxidation. 

8. The buffer qualities of the soils studied are indicated by their change in 
hydrogcn-ion concentration. The heavy soils show a remarkable ability to 
neutralize the acidity formed through the oxidation of sulfur. T e so s 
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studied having high buffer value were heavy soils in which sulfur oxidation 
was slow compared to the light sandy soils of low buffer value. 

9. No apparent relationship exists between the hydrogen-ion concentra- 
tion and the sulfur oxidizing power of a soil. 
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